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CHAPTEW-1 
General introduction 
The word amphiphile, coined by Paul Winsor, is derived from two 
Greek words amp/11 (double) and philos (affinity). The ambivalence of 
amphiphiles towards an aqueous environment leads to the phenomena which do 
not exhibit in solutions of simpler solute molecules and water. Amphiphilicity 
of the surfactant molecules leads to two characteristic properties, viz. 
adsorption (surface activity) at an interface and aggregation (self-association) 
in a given medium. 
An amphiphilic molecule contains an ionic (cationic, anionic or 
zwitterionic) or nonionic polar head group and a nonpolar hydrophobic tail 
part. The polar head group, i.e., the hydrophilic part or hydrophile exhibits a 
strong affinity for polar solvents, particularly water via dipole-dipole or ion—
dipole interactions. The nonpolar tail part, called hydrophile or lipophile, 
shows affinity towards nonpolar solvents or compounds. The amphiphiles with 
more or less equilibrated hydrophilic and lipophilic tendencies are likely to 
migrate to the surface or interface. It doesn't happen if the amphiphilic 
molecule is too hydrophilic or too hydrophobic, in which case it stays in one of 
the phases. 
Surfactants and their Classification 
Surfactants 
SURFace ACTive AgeNTS (referred as SURFACTANTS) are 
amphiphilic molecules that contain both hydrophilic (water loving) and 
hydrophobic (water hating) moieties. The term surfactant was coined by Antara 
products in 1950. In Index Medicus and the United States National Library of 
Medicine, surfactant is reserved for the meaning pulmonary surfactant. The 
hydrophobic tail part may consist of one or more hydrocarbon chains, usually 
with 6-22 carbon atoms. The chains may be linear or branched, may contain 
unsaturated portions or aromatic moieties, and may be partly or completely 
halogenated (as in fluorocarbon surfactants) while a charged or uncharged 
hydrophilic part acts as the head part of the molecule (Fig. 1.1). The 
hydrocarbon chain interacts weakly with the water molecules in an aqueous 
environment, whereas the polar or ionic head group interacts strongly with 
water molecules via dipole-dipole or ion—dipole interactions. It is this strong 
interaction with the water molecules that renders the surfactant soluble in 
water. 
0 
Hydrophilic head 
	 Hydrophobic tail 
Fig. 1.1. Schematic representation of a surfactant. 
Surfactants can reduce the surface and interfacial tensions at low 
concentration by accumulating at the interface of immiscible fluids, and 
increase the solubility, mobility, bioavailability and subsequent biodegradation 
of hydrophobic or insoluble organic compounds [1]. 
In modem life, it is virtually impossible to avoid our daily encounter 
with products containing surfactants. for instance with soap. shampoo, laundry 
detergents, tooth paste as well as many pharmaceutical formulations, food 
products, household detergents and personal care products or indirectly in the 
production and processing of materials which surround us [2-4]. Surfactants 
also play an important role in enhanced oil recovery by increasing the apparent 
solubility of petroleum components and effectively reducing the interfacial 
tensions of oil and water in situ. For medical applications, biosurfactants are 
useful as antimicrobial agents and immunomodulatory molecules [1]. The first 
surface-active product was prepared commercially by C. Scholar in Germany 
in 1930 [5]. Scientific curiosity has driven surfactant research into areas such 
as organization of surfactant molecules into interesting shapes and structures, 
all with unique properties [6]. 
Surfactants are classified on the basis of their functionality or ionicity 
(charge) of the hydrophilic head group. Surfactants are classified as: 
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Anionic Surfactants 
These surfactants are dissociated in water to an amphiphilic anion and a 
cation, which are, in general, alkaline metals (Na+, K+) or a quaternary 
ammonium. Anionic surfactants are the most widely used class of surfactants in 
industrial applications [7,8]. Due to their relatively low cost of manufacture, 
they are used in practically every type of detergent. Alkali alkanoates are the 
most well known anionic surfactants. Their hydrophilic groups include 
generally carboxylates, sulphates, sulphonates and phosphates. 
Examples: Sodium dodecyl sulfate, CH3(CH2)110S03" Na+ 
Sodium dodecylbenzene sulfonate, CH3(CH2)11C6H4S03-Na+ 
Cationic Surfactants 
These surfactants dissociate in water to an amphiphilic cation and an 
anion. These surfactants are generally known as the quaternary ammonium 
compounds [3,9]. They have high degree of affinity for biological membranes, 
exhibit rapid activity against broad range of microorganism, gram-positive, 
gram-negative bacteria and fungi. 
Examples: Hexadecyltrimethylammonium chloride, CH3(CH2)15N+(CH3)3 Cl- 
Hexadecylpyridinium chloride, CH3(CH2)15C6H4N+ Cr 
Zwitterionic or Amplwlytic Surfactants 
Both cationic and anionic functional groups are present in the surface 
active portion and can behave as anionic, nonionic or cationic species 
depending upon the pH of the solution. Zwitterionics are often referred to as 
amphoterics. An amphoteric surfactant is one that changes from net cationic via 
zwitterionics to net anionic on going from low to high pH. Neither the acid nor 
the basic site is permanently charged, i.e., the compound is only zwitterionic 
over a certain pH range.The change in charge with pH of the truly amphoteric 
surfactants naturally affects properties such as foaming, wetting, detergency, 
etc. These all depend strongly on solution pH. At the isoelectric point the 
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physicochemical behavior often resembles that of nonionic surfactants. 
Zwitterionic surfactants have excellent dermatological properties. They are 
biocompatihle and are used in pharmaceuticals and personal care products. 
Examples: N-Dodecyl-N ,N-dimethylglycinate, CH3(CH2)1 I I•1+(CH3)2CH2C00-  
3-(Dimethyldodecylammonio)-propane-1 -sulfonate, 
CH ACH2)1 1N+(CH3)2CH2CH2CH2S03-  
Nonionic Surfactants 
These surfactants contain no apparent ionic charge, but have a polar 
head group containing hydroxyl groups or polyoxyethylene chains. These 
surfactants include multihydroxy products such as glycol esters, glycerol (and 
polyglycerol) esters, glucosides (and polyglucosides) and sucrose esters. These 
are widely used in solubilization of insoluble organic compounds, drug 
formulations and in cosmetics due to their low cmc, less toxicity and high 
degradability. 
Examples: Polyoxyethylene 20 cetyl ether (Brij 58), CI6H (CH CH n) 33. ---2---2-,2 —OH 
Poly(ethyleneglycop-t-octylphenylether, 
t-C8H I 7 C6H4(OCH2CH2),, OH 
Polymeric Surfactants 
Polymeric surfactants are formed by the association of one or several 
macromolecular structures exhibiting hydrophilic and lipophilic characters. It 
can be used as stabilizers for suspensions and emulsions. Recently, 
biopolymers are also used for environment concern. 
Example: Polystyrene-block-poly(vinyl acetate) 
0 	ir 
C 	C-(CH2-CH 
Br 
C H3 (CH2CH2 0)n  
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Gemini Surfactants 
In recent past [10-23], these surfactants have been subjected to intrinsic 
study, in view of their versatile and efficient physicochemical properties in 
aqueous solutions [11,12,24]. Gemini [25] or dimeric [27-29] surfactants are a 
new class of surfactants having two hydrophobic groups [29] chemically 
bonded together through a spacer (linkage) close to their hydrophilic groups 
(Fig. 1.1). The first report on dimeric surfactants concerned bisquaternary 
ammonium halide surfactants which were used to catalyze chemical reactions 
was given by Bunton et al. [25]. Devinsky et al. [28] have reported the surface 
activity and micelle formation of some new "bisquaternary ammonium salts". 
Their surface properties were first described by Mitsui Okahara of Osaka 
University and his colleagues [30-34], who synthesized them in their 
laboratories. 
Menger and Littau [10] assigned the name "gemini" to bis-surfactants 
with a rigid spacer (i.e., benzene, stilbenzene), but the name was then extended 
to other bis or double tailed surfactants irrespective of the nature of the spacers 
(Fig. 1.2). 
Tail 	 Head 	 Head 	 Tail 
Spacer 1—EV- /-\/\/\/-\ 
Fig. 1.2. Schematic representation of a gemini surfactant. 
Among 	the 	gemini 	surfactants, 	the 	cationic 
bis(alkyldimethylammonium)alkane dibromide type, with two tails and spacer 
separating the quaternary nitrogen atom (represented as m-s-m where m is the 
number of carbon atoms in alkyl chain and s is the number of carbon atoms in 
spacer), has received much attention. A great deal of variation exists in the 
nature of the spacer, which can be short or long, rigid or flexible, and polar or 
nonpolar. The polar group can be positive (ammonium), negative (phosphate, 
carboxylate), or nonionic (polyether, sugar) [35]. Some unsymmetrical geminis 
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and geminis with three or more polar groups or tails have recently been 
reported [14,20]. The three structural elements- hydrophilic head group, a 
hydrophobic tail group and the spacer may be varied to change the properties 
of the gemini surfactants. The interest in academic circles and among scientists 
at surfactant-producing companies is due to the following reasons: 
(i) Surface activity: they are 10 to 100 times more efficient at reducing the 
surface tension of water (C20 values) [12,36], and the interfacial tension at an 
oil/water interface than conventional surfactants. 
(ii) Lower critical micelle concentration (cmc): their cmc is at least one order 
of magnitude lower than the corresponding conventional (monomeric) 
surfactants, on a weight percent basis [36]. 
(iii) Solubilization: they have better solubilizing, wetting, foaming, and lime—
soap dispersing ability compared to conventional surfactants. 
(iv) Low krafft temperature: some anionic gemini surfactants have low Krafft 
temperatures, which make them applicable in cold water [36, 38- 40]. 
(v) Unusual micelle structure: the micelles present in solutions of some gemini 
surfactants can have unusual shapes as, for instance, ring—like or elongated 
with numerous branches [37]. 
(vi) Unusual rheological properties: in aqueous solutions, some gemini 
surfactants show unusual viscosity changes with an increase in surfactant 
concentration [37], Some gemini surfactants with a short spacer can have 
special rheological properties (viscoelasticity, shear—thickening) at relatively 
low concentration [38]. 
(vii) Antibacterial activity: cationic gemini surfactants show antimicrobial 
activity [41,42]. 
(viii) Synthesis: gemini surfactants can be synthesized with an enormous 
variety of structures. In principle, it is possible to connect any two identical or 
different surfactants among the available ones by a spacer group that can be 
hydrophilic or hydrophobic, flexible or rigid, heteroatomic, aromatic, etc. 
Therefore, the structures and properties of gemini surfactants can be more 
finely tuned for a given application than for conventional surfactants. 
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Although majority of the geminis have symmetrical structures (identical 
heads and tails on both the ends of the spacer), unsymmetrical geminis [14,16] 
and geminis with three or more polar groups or tails are also known [14,43]. 
Examples: 1,4-bis(N-dodecyl-N,N-dimethylatnmonium)butane dibromide, 
C12H25 (CH3)2 Nir (CH2)4W-(CH3)2C 2H25"2 Br 
1,4-bis(N-hexadecyl-N,N-dimethylammonium)butane dibromide, 
Ci6H33 (CH3)2N+(CH2)4N4--(CH3)2C16H33'2Br 
Bolafbrnt Surfactants 
Bolaform surfactants consist of two hydrophilic head groups connected 
by a long hydrocarbon spacer (Fig. 1.3). Their tendency for aggregation is 
lower and aggregation numbers are smaller than those of the corresponding 
monomeric surfactants. 
Long polymethylene chain 
\/\"""t* 
Fig. 1.3. Schematic representation of a bolafonn surfactant. 
Micelle Formation and Critical Micelle Concentration  
One of the most important characteristic properties of amphiphilic 
molecules is their capacity to aggregate in solutions. The aggregation process 
depends, of course, on the amphiphilic species and the condition of the system 
in which they are dissolved. The narrow concentration range, over which 
surfactant solutions show an abrupt change in their physico-chemical 
properties, is called the critical concentration (cmc) for the formation of micelle 
[44,45]. The term cmc was defined by Davies and Bury [46] in 1930 as the 
threshold concentration at which micelles first appear in solution. The physico-
chemical properties of surfactants vary markedly above and below the cmc 
value [47-49]. Below the cmc the physico-chemical properties of ionic 
surfactants (e.g., conductance, electromotive forces, etc.) resemble those of 
7 
strong electrolytes. Above the cmc, these properties change drastically 
indicating a highly cooperative association process, i.e., micellization takes 
place. This is illustrated by Preston's [44] classic graphs (Fig. 1.4). 
\ 	Osmotic pressure 
\ fr 
I Turbidity Solubilization 
— 	 Surface tension 
Equivalent 
. conductivity 
/ 	 ....... 
/ 
/ Self-dIthrsion 
_ - 
crne 	 Concenlration 
Fig. 1.4. Changes in the concentration dependence of wide range of physico-
chemical changes around the critical micelle concentration. 
The word micelle is a Latin term meaning "small bit" and was coined by 
J. W. McBain [50] in 1920 to describe colloidal sized particles of detergents 
and soaps. Micelle formation or micellization is an important phenomenon not 
only because a number of important interfacial phenomena, such as detergency 
and solubilization, depend on the existence of micelles in solution, but also it 
affects other interfacial phenomena, such as surface or interfacial tension 
reduction that do not directly involve micelles. The driving force behind 
micellization — the hydrophobic effect, was proposed by G. S. Hartley [51] in 
1936. He also suggested the roughly spherical model for the micelles, a 
suggestion that gained general favor later (Fig. 1.5). 
//Magnetic resonance 
8 
____11112,11_71aYer c > cmc 
Monomers 
1 NI Micelles c > CII1C 
Fig. 1.5. Surfactant existence in different phases depending on surfactant 
concentration. 
Types of Micelles  
Although the exact structure of the micelle is still somewhat 
controversial, just above the cmc it is considered to be roughly globular or 
spherical [52]. 
There are three types of micelles formed in surfactant solutions. All the 
three are briefly discussed below: 
Normal Micelle 
The structure of normal micelle just above the cmc can be considered as 
roughly spherical (Fig. 1.6) [53,54]. When the hydrophobic portion of the 
surfactant molecule is a hydrocarbon chain, the micelle would consist of liquid-
like hydrocarbon core. The radius of this core is roughly equal to the length of 
fully extended hydrocarbon chain (-12-30 A). The polar head groups oriented 
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towards the surrounding water are regularly arranged at the micellar surface, 
which is rough [55]. 
Mengel- has proposed that water can penetrate inside the micelle up to a 
certain level [55]; the idea gets support from fluorescence and 'H-NMR 
measurements. Partial molar volume determinations indicate that the alkyl 
chains in the core are more expanded than those in the normal liquid state. 
An ionic micelle formed in polar solvents such as water generally 
consists of three regions (Fig. 1.5): 
(i) The interior or core of the micelle which is hydrocarbon-like as it consists of 
hydrocarbon chains of the ionic surfactant molecules. 
(ii) Surrounding the core is an aqueous layer, i.e., the Stem layer that 
constitutes the inner part of the electrical double layer. It contains the regularly 
spaced charged head groups and 60- 90% of the counterions (the bound 
counterions). The head groups are hydrated by a number of water molecules. 
One or more methylene groups attached to the head group may be wet. The 
core and the Stern layer form the kinetic micelle. 
(iii) The outer layer is a diffuse layer and contains the remaining counterions 
and is called the Golly- Chapman layer that extends further into the aqueous 
phase. The thickness of this layer is determined by the (effective) ionic strength 
of the solution. 
Counterions are bound primarily by the strong electrical field created by 
the head groups and also by specific interactions that depend upon head group 
and counterion type [56]. A two-site model has been successfully applied to the 
distributions of counterions; i.e., they are assumed to be either "bound" to the 
micellar pseudophase or "free" in the aqueous phase [51,57,58], The head 
group and couutetion concentrations in the interfacial region of an ionic 
micelle are in the order of 3- 5 )./1 which gives the micellar surface sonic of the 
properties of concentrated salt solutions [59]. Although the solution as a whole 
is electrically neutral, both the micellar and aqueous pseudophases carry a net 
charge because thermal forces distribute a fraction of the counterions radially 
into the aqueous phase 
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For nonionic micelles the structure is essentially the same, except that 
the outer region contains no counterions, but includes coils of hydrated 
polyoxyethylene chains. Water molecules appear to be trapped on the 
oxyethylene sites [60]. 
water molecules 
• } counter ions • 
Stem layer 
(1-5 A) 
inner core 
(a few A) 
Palisade layer 
(20-30 A) 
• 
• 
bulk aqueous 
region 
4IP 
 
• 
• 
• 
GoorCliapnean Region 
(srverd kindred A) • 
4IP 
bulk aqueous 
region 
Fig. 1.6. Schematic representation of the regions of spherical micelle. 
Reverse Micelle 
When surfactant molecules dissolve in non-polar solvents in presence of 
traces of water these associate to form the so-called reverse, inverted or 
reverted micelles. In a reverse micelle head groups of surfactant molecules 
orient towards inside to form a polar core and the hydrocarbon tails are directed 
towards the bulk solvent to form the outside shell of the micelle [61-64]. At a 
very low concentration of surfactant the reverse micelles are very close to 
spherical in which water molecules occupy the central part of the sphere, thus 
forming a so-called micro water-pool, and these water molecules are in contact 
with head groups of reverse micelle-forming surfactant molecules. The tails of 
these surfactant molecules are extended towards bulk nonpolar solvent phase 
(Fig. 1.7). 
11 
Fig. 1.7. A two dimensional schematic representation of reverse micelle. 
Reverse micelles have been studied widely, primarily because of their 
usefulness as microreactors for chemical and biochemical reactions [65]. In 
recent years, the field of reverse micelles has witnessed a significant growth of 
interest, partly due to the finding that proteins, other biopolymers, and even 
bacterial cell can be solubilized in the reverse micellar system: in fact, this has 
permitted the extension of area of interest to new domains, i.e., biocatalysis and 
chemical biotechnology. 
Mixed Micelle 
Mixing of two or more surfactants in a solution leads to the formation of 
mixed micelles (Fig. 1.8). As usually used, however, the mixed micelle means 
a micelle composed of amphiphiles capable themselves of forming micelles. 
Thus mixed micellization is a special case of solubilization. The physico-
chemical properties of mixed micelles are quite different and have improved 
properties from those of pure micelles of individual components. 
rrf  
--"'" 
11. 
.tonoiner Micelle 
Fig. 1.8. Schematic representation of formation of mixed micelle by the 
monomers. 
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From the application point of view mixed micelles are of great 
importance in biological, technological, pharmaceutical and medicinal 
formulation, enhanced oil recovery process for the purpose of solubilization, 
suspension, dispersion, etc. [66]. Due to numerous applications of such systems 
a lot of attention has been devoted for the understanding of mixing behavior 
using various techniques such as conductivity, surface tension, viscosity, NMR, 
calorimetry, potentiometry, fluorimetry, density, SANS, etc. [67-81]. 
Factors affecting the Critical Micelle Concentration  
Since the properties of solutions of amphiphiles change markedly when 
micelle formation takes place, a great deal of work has been done on 
elucidating the various factors that determine the concentration at which 
micelle formation becomes significant, especially in aqueous media. 
The factors that affect the cmc in aqueous micellar solutions are: 
(I) Structure of Surfactants 
(II) Presence of Various Additives in the Solution 
(III) Effect of Experimental Conditions 
(I) Structure of Surfactants 
In aqueous medium, the cmc decreases strongly as the hydrophobic 
nature of the surfactant increases. The reduction follows to a good 
approximation by the empirical equation: 
log cmc = A — Bn, 
(where ne is the number of carbon in the alkyl chain) 
when the number of carbon atoms in a straight chain hydrophobic tail exceeds 
16, the cmc no longer decreases rapidly with the increase in the chain length. 
After exceeding 18 carbon atoms, the cmc values remain substantially 
unchanged with further increase in the chain length due to coiling of these long 
chains in water [6]. 
As a general rule, for ionic surfactants the cmc is halved when the length 
of the straight hydrocarbon chain is increased by one methylene group, while in 
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case of nonionic surfactants, the addition of one methylene group causes the 
cmc to decrease by approximately 1/3 of its original value [82]. 
Besides the major difference between ionics and nonionics, the effects 
of head group are moderate. Cationics typically have slightly higher cmc than 
anionics. For usual type of polyoxyethylenated nonionic surfactant, the cmc 
decreases with the decrease in the number of oxyethylene units in the 
polyoxyethylene chain, since this makes the surfactant more hydrophobic. 
Zwitterionic surfactants appear to have slightly smaller cmc 's than ionics with 
the same number of carbon atoms in the hydrophobic groups. In quaternary 
cationics, pyridinium compounds have smaller cmc 's than the corresponding 
trimethylammonium compounds. This may be due to the greater ease of 
packing of the planar pyridinium, compared to the tetrahedral 
trimethylammonium group into the micelle. In the series 
dodecyltrialkylammonmm bromide Cl2H251■14(R)3Br-, the cmc decreases with 
increase in the length of R, presumably due to the increased hydrophobic 
character. 
The valency of the counterion is also significant. Organic counterions 
reduce the cmc compared to inorganic ones due to the larger non-polar parts. 
Muller et al. [83-86] reported that substitution of the CF3 group from the 
terminal CH3 group of the surfactant's hydrocarbon chain roughly doubles the 
cmc value due to the unfavorable interaction between the hydrocarbon and 
fluorocarbon groups and it is also confirmed by Gerry et al. [87] who observed 
corresponding decrease in aggregation number. 
A phenyl group is roughly equivalent in its effect on the cmc to three 
and a half methylene group, when introduced into straight hydrocarbon chain. 
(II) Presence of Various Additives in the Solutions 
(a) Effect of electrolytes: In solution of increasing ionic strength, the force of 
electrostatic repulsion between the head groups of an ionic micelle are 
considerably reduced, enabling the micelles to form more easily, that is, at 
lower concentration. The presence of various electrolytes in an aqueous 
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solution changes the cmc in such a way that the effects become more 
pronounced for anionic and cationic than for zwitterionic surfactants and more 
pronounced for zwitterionic surfactants than for nonionic. 
The following empirical equation relating the cmc with the electrolyte 
concentration has been used [88]: 
log cmc = — alogC1 + b 	 (1.2) 
where a and b are constants for a particular ionic group and C, denotes the total 
counterion concentration. 
Eq. (1.2) does not hold for nonionics and zwitterionics and the effect is 
explained by the following equation [89]: 
log cmc = — KCS + constant (Cc < 1) 	 (1.3) 
where K is a constant for a particular surfactant, electrolyte and temperature, 
and C, is the concentration of electrolyte in moles per liter. 
The presence of electrolytes in aqueous surfactant solutions may result 
in a alteration of both intramicellar and intermicellar interactions. The decrease 
of cmc in the presence of electrolytes is due to reduced repulsion between the 
electrostatic head groups in the micelles enabling micelles to form more easily, 
i.e., at lower concentration. 
There have been attempts to examine the salt effect on micelle formation 
in the light of Hoffmeister (lyotropic) series [90,91]. The series plays a notable 
role in a wide range of biological and physicochemical phenomena. A very 
recent study carried out by Moulik and coworkers [92] shows that, for a given 
anionic surfactant, the order of effectiveness in reducing the cmc decreases in 
the order Mg' > Cs' > K. 4 > N114 + > Na 4 > Li' . The same authors have 
reported two cmc values for a given cationic surfactant in presence of anions 
like salicylate (C711,03- ), benzoate (C,H50,- ) , oxalate (c204 2-"), tartarate 
(C,H4062- ). For a given nonionic surfactant the effect of anions on the cmc 
follows the order F- > Cl- > SO4- > Br- > 	> C3H 50(C00)3,- > I- > 
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SChT] and the effect of cations follows the order IC > Na' > Rb" > Li' > 
Ca' > Al' [93]. 
09 Effect of organic additives: Organic materials significantly influence the 
cmc of aqueous micellar solutions, even if it is present in small amount. Since 
some of these materials may be present as impurities or byproducts of the 
amphiphiles, their presence may alter the properties of amphiphiles. A 
knowledge of the effects of organic materials on the cmc of amphiphiles is 
therefore of great importance for both theoretical and practical purposes. The 
main factor which causes a decrease in cmc is likely to be the reduction of free 
energy of the micelle due to diluted surface charge density on micelle. Organic 
compounds affect the cmc either by penetrating into the micellar region or by 
modifying solvent-micelle or solvent-monomer interactions. 
Additives like urea have been shown to increase the cmc of ionic 
[94,95] and nonionic surfactants [96,97]. For fluorocarbon surfactants, addition 
of urea slightly decreases the (awe [98]. Addition of alcohols produces both 
increase and decrease in cmc of surfactants [99-101]. A decrease in the cmc 
has been observed with the increase in the carbon number of the linear alcohols 
(heptyl to decyl) in non-aqueous dimethylforrnamide [102]. Addition of sugars 
has been known to decrease the cmc of the system [103,104]. For an ionic 
surfactant solution, decrease [105] as well as increase [106] in caw has been 
reported with different concentrations of acetarnide. Amines are more surface 
active than alcohols at air-water interface [107]. n-A]kylamines (butyl to decyl) 
have been found to he solubilized in micellar phase, leaving the amine group 
on the surface of the micelles [108]. These solubilized amines have been 
reported to form mixed micelles with ionic surfactants [109-11 l]. 
(III) Effect of Experimental Conditions 
(a) Effect of temperature: The cinc of the amphiphiles in aqueous medium is 
affected by the temperature in such a way that firstly it decreases with the 
increase in temperature to some minimum, then increases with the increase in 
temperature. 	Temperature increase causes decreased hydration of the 
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hydrophilic group, which favors micellization. However, temperature increase 
also causes disruption of the structured water surrounding the hydrophobic 
group, an effect that opposes micellization. The relative magnitude of these 
two opposing effects, therefore, determines whether the cmc increases or 
decreases over a particular temperature range. Micelles of many 
polyoxyethylene nonionic surfactants increase rapidly in size with rising 
temperature [112-118], whereas the micelle size of ionic surfactants decreases 
with the increase in temperature [119]. From the data available, the minimum 
in the cmc—temperature curve appears to be around 25 °C for ionics [120] and 
around 50 °C for nonionics [121]. For bivalent metal alkyl sulphates, the cmc 
appears to be practically independent of the temperature [122]. 
(b) Effect of pH: When amphiphile molecules possess ionizable groups such as 
—NH2, —(CH3)2N—>0 and —COOH, the degree of dissociation of the polar group 
would be pH dependent [123]. In general, the cmc would be high at pH values 
where the group is charged (low pH for —NH2 and — (CH3)2N—*O, high pH for 
—COOH) and low when uncharged. Some zwitterionic surfactants become 
cationic at low pH, a change that can be accompanied by a rapid rise in the cmc 
[124], or a more modest rise [125] depending on the structure and hence 
hydrophi I icity of the zwitterionic form. 
(c) Effect of pressure: The effect of pressure on micelle formation of non-ionic 
126-129] and non-ionic surfactants [130] has been studied. The cmc increases 
upto pressure of about 1000 atmosphere and decreases with further increase of 
pressure. It has been suggested that the surfactant molecules, when present in 
the micelle are in a more expanded condition than when present as the 
monomer in solution so that the initial effects of pressure tend to compress the 
micelle and mitigate against the increased freedom of the monomer in the 
micelle, thus giving a rise in cmc. The decrease in cmc on increasing the 
pressure above 1000 atmospheres may be due to an increase in the dielectric 
constant of water, making less electrical work necessary to bring the monomer 
into a micelle. For non-ionic amphiphiles, the cmc values increase 
monotonously and then level off with increasing pressure. The effect of 
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pressure on the micellar size in aqueous solutions of NaDS and C12E6 has been 
examined by Nishikido and co-workers [128]. 
(d) Effect of solvent medium: In ethylene glycol, the cmc of surfactants 
decreases as the length of the hydrophobic chain increases, but the change is 
much smaller than that in water [130]. For polyoxyethylenated non-ionic 
solutions in benzene and carbon tetrachloride, cmc's decrease with increase in 
length of the polyoxyethylene group at constant hydrophobic chain length. 
The cmc's of benzene for alkylammonium carboxylates increase with 
increase in length of the alkyl chain of the anion but decrease with increase in 
length of the alkyl chain of the cation; in carbon tetrachloride, there is no 
significant change in the value of the cmc with these structural changes. 
The cmc is lower in D20 than H2O for different amphiphiles [132,133]. 
The hydrophobic bonds are expected to be stronger in D20 than H2O. Micelles 
in D20 are larger than H2O. 
Counterion Binding Constant 
For an ionic surfactant micelle formation is associated with two types of 
opposing forces: (i) transfer of hydrocarbon chain from the bulk phase to 
micellar phase which favors the aggregation and (ii) electrostatic repulsion 
between the identically charged head groups, which disfavors the process of 
aggregation. Counterions bound to the micellar interface can cause a screening 
effect to the second type of force of interaction [134]. Therefore, counterion 
binding is considered as an important parameter in the process of micellization 
[135]. Shapes of ionic micelles appear to have an influence on the value of 
counterion binding. Due to the presence of effective dielectric charge on the 
ionic micelles, 	an electric potential is developed at the surface of such 
micelles. The surface potential value controls different processes that take 
place near the micelle-solution interface. Value of counterion binding constant 
also gives an idea about the fraction of counterions dissociated in the micellar 
solution. 
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Aggregation Number 
The micellar aggregation number is the average number of monomers 
making up the micelles and is typically 30-200 in water. The micellar 
aggregation number provides direct information about the micelle size and 
shape formed by amphiphiles in the solution, which may be important in 
determining the stability of the investigated system and how these properties 
are related to the molecular structure of amphiphile. To minimize the 
hydrocarbon-water contacts in solution surfactant monomers self-assemble into 
micelles. For this reason the lower limit of the number of surfactant monomers 
that form a micelle is dictated by the minimum number that must come 
together to effectively shield one another from contact with water [25,48]. In 
ionic surfactants electrostatic repulsion between the ionic head groups at the 
micellar surface provides the major contribution to this opposing force. In the 
case of non-ionic surfactants steric effect as well as a preference for the 
hydration of the head group opposes micelle formation [25,48]. It is affected by 
several factors such as nature of amphiphile, temperature [136-139], type and 
concentration of added electrolyte [137,140-142], organic additives [141-144 
etc. Generally, in aqueous medium, greater the dissimilarity between 
amphiphile and solvent, greater is the aggregation number. Hence, aggregation 
number appears to increase with increase in hydrophobic character of the 
amphiphile. An increase in the temperature appears to cause a small decrease in 
the aggregation number in aqueous medium of ionics. For nonionic surfactants, 
it increases markedly [126,147,148]. 
Miceliar aggregation number decreases continuously with increase in 
pressure for nonionic surfactants [126,127], although the number for ionic 
surfactants passes through a minimum at around 1000 attn. Aggregation 
number of ionic micelles is reported to increase [149-152] by the addition of 
electrolytes. 
Many methods have been used to determine micelle aggregation 
numbers, like dynamic light scattering (DLS), small angle neutron scattering 
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(SANS), steady-state fluorescence quenching (SSFQ), time-resolved 
fluorescence quenching (TRFQ), etc. [153-159]. 
Molecular Shape 
The shape of the micelle produced in aqueous media is of importance in 
determining various properties of the surfactant solution such as its viscosity, 
its capacity to solubilize water-insoluble materials and its cloud point. 
A theory of micellar structure based upon the geometry of various 
micellar shapes and space occupied by the hydrophilic and hydrophobic groups 
of the amphiphile has been developed by Israelachvili, Mitchell, and Ninham 
[47,160]. The volume v occupied by the hydrophobic groups in the micellar 
core, the length of hydrophobic group in the core 4, and the cross-sectional 
area ac, occupied by the hydrophilic group at the micelle-solution interface are 
used to calculate a packing parameter (Rp), which determines the shape of the 
micelle 
R p 
The optimal cross-sectional area per amphiphile molecule is observed 
experimentally by X-ray diffraction of bilayer systems while the volume and 
length of hydrocarbon tail may be calculated by Tanford [161] equations: 
v = (27.4 + 26.9 n) 	 (1.2) 
4=(1.5 +1.26 n)A 	 (1.3) 
(n is the number of carbon atoms in the hydrocarbon chain). 
The Rp depends on the chemical structure of the surfactant monomer and 
on the surface repulsion between the head groups. The self-association of the 
surfactant molecules in aqueous media is strongly cooperative and starts 
generally with the formation of the roughly 'spherical micelles' with v/aolc 
1/3 as shown in Table 1.1. 
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The size of the spherical micelles is not very sensitive to the surfactant 
concentration and the micelles are fairly monodisperse. The examples of such 
surfactants which form nearly spherical micelles are SDS [149.162] 
and dodecyltrimethylammonium bromide (DTAB) [70,71,163,164]. 
Table 1.1: Aggregate structures with their corresponding packing parameters. 
Effective shape of the 	Packing parameter Type of aggregate 
surfactant molecule 	(Rp) 
<1/3 
Cone 	 spherical micelles 
1/3-1/2 
truncated cone 	 wormlike micelles 
Itirtyttr! 
 
1/2-1 bilayers 
 
Cylinder 
 
 
vesicles 
>1 
inverted cone 	 reverse micelles 
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When the value of packing parameter, 1/3 S RP S 1/2, 'nonspherical 
such as cylindrical or ellipsoidal are formed. The size and aggregation number 
of cylindrical micelles are very sensitive to the surfactant concentration 
[72,73,165,]66] and are usually polydisperse. 
When the value of packing parameters is 1/2 s Rp S 1, `bilayers' and 
'vesicles' are formed, Their volume must be twice that of the micelle forming 
substances for the same head groups and chain length. Therefore, surfactants 
with two chains are likely to form bilaycrs [167,168]. Bilayers can 
accommodate a significantly large number of amphiphilc molecules without 
alteration in the available surface area per amphiphile. When volume of the 
hydrocarbon part is large relative to the head group area (12p > I) reverse 
micelles are formed. 
Mixed Mieellization  
Properties of mixed surfactant solutions are more interesting than pure 
surfactants from both physicochemical and application points of view, as in 
practical fields the properties of inixtures of surfactants are very important. In 
mixed micelles not only the properties of individual components are combined 
but also synergism is observed in properties like cmc, surface tension, etc. The 
properties of the mixed micelles depend upon their synergistic or antagonistic 
interaction between the component surfactants; synergism in mixed surfactant 
systems can reduce the total amount of surfactant used in particular 
applications resulting in reduction of cost and environmental impact. 
From application point of view mixed micelles are often used in 
technical, pharmaceutical, and biological fields, since these works better than 
the pure micelles [169,170]. These have importance in industrial preparation, 
pharmaceutical and medicinal formulations, enhanced oil recovery process, and 
so forth, by way of efficient soluhilization, suspension, dispersion and 
transportation influenced by temperature, pressure, pH, nature of solvent and 
additives, etc. [661. 
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Thermodynamics of Micelle Formation  
From theoretical as well as practical purposes the thermodynamics of the 
surfactant systems are of great importance as they affect the stability of ordered 
micelles vis-a-vis disordered free surfactant molecules and/or ions in the 
solution state. The formation of micelles in aqueous solution is viewed as a 
compromise between the tendency for alkyl chains to avoid energetically 
unfavorable contacts with water and the desire for the polar parts to maintain 
contact with the aqueous environment. 
Two general approaches have gained wide acceptance for understanding 
the energetics of micellization. In phase separation approach micelles 
formation [171-173] are considered as akin to a phase separation, with the 
micelles forming a separate phase above one, the saturation concentration of 
the surfactant in the unimer state. In the mass action approach, micelles 
[174-176] are unassociated monomers and considered to be in association-
dissociation equilibrium. In both these treatments the micellization 
phenomenon is described in terms of the classical system of the 
thermodynamics. 
The pseudo-phase separation approach has been shown to account for, 
at least semi-quantitatively, the observed concentration dependence of apparent 
molar properties and has been useful in deriving thermodynamic functions of 
micellization using both apparent and partial molar properties. The mass action 
approach allows for non -Ideality of thermodynamic properties over a broader 
concentration range, i.e., pre-mitellar range as opposed to the pseudo-phase 
separation approach which is only applicable in the post-micellar range. As 
well, prediction of aggregation number can he made from the mass action 
approach and it has been more successfully applied to short chain surfactants. 
Pseado-Phase Separation Model 
According to this model the micelles are considered to form a separate 
phase at the cmc. A main criticism to this model is that it predicts that the 
activity of the monomers above the MC remains constant, while dialysis, 
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surface tension and emf measurements indicate a decrease in monomer activity 
above the cmc of ionic surfactants. 
Consider an anionic surfactant, in which n surfactant anions, S-, and n 
counterions M+ associate to form a micelle, i.e., 
nS t n1\44- 
 
sn 
 
The micelle is simply charged aggregate of surfactant ions plus an equivalent 
number of counter ions in the surrounding atmosphere and is treated as separate 
phase. 
The chemical potential of the surfactant in the micellar state is assumed 
to be constant at any given temperature and this may be adopted as standard 
chemical potential, Pi: , by analogy to pure liquids or a pure solids. Considering 
the equilibrium between micelles and monomers, then 
= 117 + RTina, 	 ( 1.4) 
where g is the standard chemical potential of surfactant monomer and al is its 
activity, which is equal to fixi , where ji is the activity coefficient and xi the 
mole fraction. Therefore; the standard free energy of micellization per mole of 
monomer is given by, 
AG„; pp; u7 = RTInai RTInx, 	 (1.5) 
where A is taken as unity ( a reasonable value in very dilute solution). 
Assuming the concentration of free surfactant in the presence of micelles to be 
constant and equal to the cmc value, x,c , then 
RTincmc 	 (1.6) 
In Eq. (1.6), the cmc is expressed as a mole fraction, which is equal to 
(C/(55.5+C)), where C is the concentration of surfactant in molar, i.e., 
AG:= RTInC RTIn(55.5+C) 	 (1.7) 
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AG„,* can be calculated using Eq. (1.7). 
The phase-separation model has been questioned for two main reasons. 
Firstly, according to this model a clear discontinuity in the physical property of 
a surfactant solution, such as surface tension, turbidity, etc., is observed at the 
cmc. This is not always found experimentally and the cmc is not a sharp break 
point. Secondly, if two phases actually exist at the cmc, then equating the 
chemical potential of the surfactant molecule in the two phases would imply 
that the activity of the surfactant in the aqueous phase would be constant above 
the cmc. If this was the case, the surface tension of a surfactant solution should 
remain constant above the cmc. However, careful measurements have shown 
that the surface tension of a surfactant solution decreases slowly above the cmc, 
particularly when purified surfactants are used. 
Mass Action Model 
The mass-action model was originally applied mainly to ionic 
surfactants. In this model, it is assumed that micelles and unassociated 
monomers are in association-dissociation equilibrium and the law of mass-
action is applied. 
 
sn 
 
where K,,, is the equilibrium constant. 
The standard free energy per monomer is then given by 
tIG RT 	RT r — AG: = 	= 	InK„, = 	IntS RTIn[S] 
n n n 
(1.8) 
For many micellar systems n > 50 and therefore the first term on the right-hand 
side of Eq. (1.8) may be neglected, resulting in Eq. (1.9) for AG:,,, 
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OGm = RT1n[S] = RT1ncmc 	 (1.9) 
which is identical to the equation derived using the phase-separation model. 
The mass-action model allows a simple extension to be made to the case 
of ionic surfactants, in which micelles attract a substantial proportion of 
counter ions into an attached layer. For a micelle made of n-surfactant ions, 
(where n-p) charges are associated with counter ions. i.e., having a net charge 
of p units and degree of dissociation p/n, the following equilibrium may be 
established (for an anionic surfactant with Na4 counter ions), 
nS- + (n—p)Na+ 	 
K = 	[S,1  
"2 [S- riNa+P-P )  (1.10) 
Phillips has given a convenient solution for relating AG,,," to cmc, arriving at 
Eq. (1.11) 
AG: =12 — (E )JRTIncmc 	 (1.11) 
For many ionic surfactants, the degree of dissociation p/n is 0.2, so that 
AG:, =1.8RTIncmc 	 (1.12) 
Comparison with Eq. (1.9) clearly shows that, for similar to AG:„ , the cmc is 
about two orders of magnitude higher for ionic surfactants than with nonionic 
surfactant of the same alkyl chain length. 
In the presence of excess added electrolyte with mole fraction x, the free 
energy of micellization is given by the expression 
AG:, = RTlIzeinc+ [1 —( --P )Jlnx 	 (1.13) 
Eq. (1.13) shows that as x increases, the cmc decreases. 
It is clear from Eq. (1.11) that as p = 0, i.e., when most charges are 
associated with counter ions, 
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= 2RTIncmc 
	 (1.14) 
whereas when p n, i.e. the counter ions are bound to micelles, 
= RTIncmc 
	 (1.15) 
which is the same equation as for nonionic surfactants. 
The thermodynamic parameters related to Gibbs-Helmholtz equation 
AG,'„ can be divided into enthalpic and entropic components. 
The standard enthalpy of inieellization (per mole of monomer) is given 
by 
= — (2—g) RT2 (a/n 	laDp 
= (2—g) R [(51nXc,„.10(117)]p 	 (1.16) 
The mass action model is more realistic than the phase separation model in 
describing the variation of monomer concentration with total concentration 
above cmc. However, it suffers a serious limitation in that it considers 
monodispersity of micelle size inspite of polydispersity. 
Mixed Micellization and Theories of Mixed Micellization  
The formation of micelles from more than one chemical species gives 
rise to what is known as mixed micelles. Study of mixed micelles is an ever-
interesting field in applied as well as academic research. An interesting 
problem is to determine the composition of the mixed monolayer and the 
micellar phase and interaction parameters among the individual components. 
Interest in mixed micelles has largely been driven by industry, in search of 
superior properties than that defined by each surfactant component. Such a 
synergistic effect greatly improves many technological applications in areas 
such as emulsion formulation, interfacial tension reduction, cosmetic products, 
pharmaceuticals, and petroleum recovery, etc. In this regard the specific 
interaction between two components of a mixture, its effect on the physico- 
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chemical properties including the adsorption behavior and micellization are of 
paramount importance. Various theoretical models have been proposed to 
interpret the formulation of mixed micelles (composition and interaction 
parameter) and monolayer formation. 
The first model given by Lange [177] and used by Clint [178] is based 
on the phase separation model which relates to the mole fraction and the one of 
the component in an ideal mixture, and is applicable to systems of mixed 
surfactants of similar structure, but hardly applicable to dissimilar 
combinations. This model is an idealization which neglects the interaction 
among different surfactants in the aggregated state. Most of the theories are 
based on the regular solution theory and have been employed to the phase 
separation model for micelles and to monolayer model for adsorbed films in 
order to analyze the specific interaction in various binary surfactant mixtures. 
The molecular interaction parameter can be evaluated by using the theories 
given by Rubingh [48] and Rosen [179-181]. They proposed the 
thermodynamic strategy for examining the miscibility of surfactants in 
adsorbed film and micelles by new concentration variables which take into 
account the dissociation of ionic surfactants, and the phase diagrams of 
adsorption and micelle fomtation. The Rubingh model treats the mixed 
micelles as a regular solution. Though these theories are satisfactory, these are 
questioned on thermodynamic grounds [182-184]. Villenevue et al. [185] 
claimed that the treatment of intermolecular interaction parameters by Rubingh 
and Rosen [46,48,186] are not applicable in the sense that they do not take into 
account the presence of the solvent [187], and the physical significance of the 
parameter is not clear when the excess entropy of mixing is not zero [66,185]. 
Although the application of RST is questionable when the difference between 
the one values of the surfactants is high, researchers are using it very often to 
analyze the data for the study of the micellar properties [66,188-192]. 
Motomura et al. [187,193] showed that the micelles behave 
thermodynamically like a macroscopic bulk phase when its thermodynamic 
quantities are given by the excess thermodynamic quantities similar to those 
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used for the adsorbed film of surfactant. This model is independent of the 
nature of the surfactants and their counterions and is suitable for prediction of 
micellar composition when the cmc of the mixed micelles is measured as a 
function of temperature and pressure. 
According to Ruiz and Aguiar [194] and Maeda [195] chain—chain and 
head-head interactions are present for binary surfactant systems. They also 
explained that a mixed ionic-nonionic surfactant system often has a cmc much 
lower than the cmc of the pure components due to the decrease in the ionic 
head group repulsion caused by the presence of nonionic surfactant molecules 
between the head groups. Maeda suggested that besides regular solution 
interaction parameter there could be another parameter that actually contributes 
to the stability of mixed micelles, and put forward an equation to calculate the 
thermodynamic stability of ionic-nonionic mixed micelles through free energy 
of micellization as a function of micellar mole fraction of ionic components in 
the mixed micelle. By the introduction of the values of interaction parameter 
and micellar mole fraction from different models thermodynamic stability of 
mixed micelles can be evaluated. 
Georgiev's model is based on Markov's chain model [196] for 
polymerization process of mixed micelles, and has introduced two molecular 
parameters instead of one as in RST. 
Sarmoria, Puvvada and Blankschtein [197-201] have developed a 
molecular thermodynamic theory to describe the binary and ternary mixed 
surfactant systems considering explicitly the detailed chemical structures of the 
various surfactant components, the composition of the mixed aggregates and 
other related solution conditions. The molecular thermodynamic model is 
landmark advancement in the concerned area in that the theoretical treatment 
can predict cmc of non-ideal surfactant mixture in aqueous solution. In 
addition, the theory also predicts a measure of micelle-micelle interaction 
parameter. Analysis of the properties of mixed micellar solution, e.g., 
composition of the mixed aggregates, cmc and interaction parameter in the light 
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of the theoretical approaches offers useful insight into the composition and 
characteristics of the mixed surfactant systems. 
Molecular thermodynamic theory has a quantitative basis than RST, and 
can be extended to muticomponent systems, and is expected to work better to 
know exact information on a mixed surfactant system [199]. 
Micellar Solubilization  
Surfactants molecules can form micelles by self-assemble to provide a 
more compatible environment for the sparingly soluble molecules by 
increasing their solubility. The ability of micelle solutions to incorporate 
solubilized material is an important property and provides the wide spread use 
of micelle solutions in many applications. Solubilization is defined by McBain 
and Hutchinson [202], as the spontaneous dissolving of a substance by 
reversible interaction with the micelles of a surfactant in a solvent to form 
thermodynamically stable isotropic solution with the reduced thermodynamic 
activity of the solubilized material [6]. The importance of this phenomenon 
from practical point of view is that it makes possible the dissolution of 
substanecsin the solvents in which these are insoluble. 
Solubilization in aqueous media is of considerable importance in the 
fields of formulation of products containing water insoluble ingredients where 
it can replace the organic solvents or cosolvents, in detergency, for removal of 
oily soil, in micellar catalysis, in enhanced oil recovery, etc. In nonaqueous 
media, solubilization is of significant use for dry cleaning. The solubilization of 
materials in biological systems sheds light on the mechanism of the interaction 
of drugs and other pharmaceutical materials with lipid bilayers and membranes 
[6]. Solubilization is different from emulsification; in solubilization, the 
solubilized material is in the same phase as the solubilizing solution whereas in 
emulsification the dispersion of one liquid phase occurs in another. The 
micellar surfactant solutions have great importance in the solubilization of 
polycyclic aromatic hydrocarbons (PAHs) which generally constitute up to 75 
wt °A of coal tars and generally slightly water-soluble with low volatility. 
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Micellar surfactant solutions can solubilize PAHs several hundred times in 
excess of their true aqueous solubility. It is found that the solubility remains 
constant up to cmc and after this concentration solubility increases linearly with 
surfactant concentration indicating that the solubilization is a micellar 
phenomenon. The location in the micelle where solubilization occurs varies 
with the nature of the solubilized material and is important as it reflects the 
types of interaction that occur between surfactant and solubilizate. The 
solubilization sites are mainly determined from studies on the solubilizates 
through nuclear magnetic resonance (NMR) spectroscopy [203], ultraviolet 
(UV) spectroscopy [203-206], X-ray diffraction [207] and fluorescence 
spectroscopy [208]. 
NMR, UV and fluorescence studies indicate changes in the environment 
of the solubilizate on solubilization whereas X-ray diffractograms provide 
information on changes in micellar dimensions on solubilization. On the basis 
of these studies, solubilization is believed to occur at a number of different sites 
in the micelle (Fig. 1.9): (1) on the surface of the micelle, at the micelle water 
interface, (2) between the hydrophilic head groups, (3) in the palisade layer of 
the micelle between hydrophilic groups and first few carbon atoms of the 
hydrophobic groups that comprises the outer core of the micellar interior, and 
(4) in the inner core of the micelle. 
I 
	
2 
	
3 
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Fig.1.9. Possible loci of solubilization of solubilizate in surfactant micelles. 
On the basis of above, saturated aliphatic, alicyclic hydrocarbons and 
nonpolarized molecules are solubilized in the inner core of micelles in aqueous 
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medium; polarizable hydrocarbons, such as arenes (benzene, 
isopropylbenzene), are solubilized at micelle-water interface whereas large 
polar molecules, such as long chain alcohols or polar dye stuffs, should be 
located between the hydrophilic head groups and in the palisade layer while 
completely insoluble hydrophobic molecules, like PAHs may be solubilized in 
surfactant solutions by adsorption at the micelle-water interface, replacing 
water molecules that may have penetrated into the outer core of the micelle 
close to the polar head group but solubilized deep into the palisade layer 
[6,206,208]. The depth of penetration in the palisade layer depends on the ratio 
of polar to nonpolar structures in the solubilizate molecule. 
The existence of different sites of solubilization in the micelles results 
from the fact that physical properties, such as microviscosity, polarity and 
hydration degree, are not uniform in the micelle. Thus solubilized materials of 
micelles can be divided into an adsorbed fraction (located at micelle-water 
interface) and a dissolved fraction (located in micelle core) as per two-site 
model given by Mukherjee [99,209] and was supported by Bury [210]. When 
adsorption takes place, the solubility increases beyond the limit of 
solubilization power of the hydrocarbon core. The solubilizing capacity of 
surfactants depends on various factors, such as, structure of surfactant, 
structure of solubilizate, temperature, pH, ionic strength, etc. [6]. 
(i) For hydrocarbons and long-chain polar compound which are solubilized in 
the interior of the micelle or deep in the palisade layer, the amount of 
solubilizate increases linearly with the size of the micelle. So any factor that 
influences the size of the micelle like increase in diameter or aggregation 
number by choosing dissimilar surfactant systems. Nonionic surfactants, 
because of their low cmc, are better solubilizing agents than ionics and the 
order of solubilizing power is nonionic > cationic > anionic for surfactants with 
same chain lengths. The solubilization of cationic than anionics of the same 
hydrocarbon chain length, may be due to looser packing of the surfactant 
molecules in the micelles [211]. 
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(ii) Crystalline solids generally show less solubility in micelles than do liquids 
of similar structure because or the latent heat of fusion presumably opposing 
the change. For aliphatic and alkylaryl hydrocarbons, the extent of 
solubilization appears to decrease with increase in the chain length and increase 
with unsaturation, but for condensed aromatic hydrocarbons the extent of 
solubilization decrease with increase in the molecular size [212]. 
(iii) For ionic surfactants, temperature increase results in enhancement of 
solubilization for both polar and nonpolar solubilizates, possibly because the 
increased thermal agitation provide more space for solubilization in the 
micelle. 
(iv) The effect of neutral electrolyte addition on the ionic surfactant solution 
appears to increase the extent of solubilization by decreasing the repulsion 
between the same charged head groups and results in lowering the cmc and 
increasing the aggregation number with increasing volume of the core of the 
micelle. 
Remediation of Polycvclic Aromatic hydrocarbons (PM's)  
interest in the solubilization processes and fate of PAHs in the 
environment is focused by their ubiquitous distribution, their low 
bioavailability and high persistence in soil, and their potentially deleterious 
effect on human health [213]. PAW are unique contaminants in the 
environment because they are produced continuously by the inadvertently 
incomplete combustion of organic materials [214], for instance in forest fires, 
residential heating (furnaces, fireplaces and oil burners), mobile/ traffic sources 
such as cats, lorries, trains, airplanes (coal wood and peat power plants) 
[215-217], and ignition of municipal wastes [218,219]. Other miscellaneous 
sources contain unregulated Fires such as agricultural burning, recreational fires 
as well as volatilization from soils and other surfaces [220,221 J. PAlls belong 
to the group of highly persistent organic pollutants (POPs) composed of fused 
aromatic rings (linear, cluster or angular arrangement) [2181. Stability and 
hydrophobicity are two primary factors which contribute to the persistence of 
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high molecular weight (HMW) PAHs in the environment. Due to their 
lipophilic nature, PAHs have a high potential for biomagnification through 
trophic transfers [222,223]. PAHs are also known to exert acutely toxic effects, 
possess strong mutagenic, teratogenic and carcinogenic properties [224,225]. 
Contamination of soil and sediment or ground water by toxic or hazardous 
pollutants is a widespread environmental problems and the removal of 
hydrophobic organic compounds (HOCs) from soils has become a major 
concern. The presence of PAlls in these elements of the environment may 
create risk not only to human but harm to all flora and fauna of affected habitat. 
PAHs are classified as priority pollutants by the U.S. Environmental Protection 
Agency (EPA) [226], and are highly carcinogenic. Benzoia/pyrene (BaP), is 
included as I of 12 target compounds or groups defined in the Environmental 
Protection Agency's new strategy for controlling persistent, bioaccumulative, 
and toxic pollutants [227]. Low molecular weight PAHs may be degraded by 
some microorganisms. The organic contaminants according to their physical 
state can be classified as two types (1) solid and (2) liquid. The liquid organic 
contaminants which remain as a separate phase in aqueous medium are called 
nonaqueous phase liquids (NAPLs). Ground water is used in many countries of 
the world as cheap source of drinking water: even in U.S. more than 50% of the 
drinking water comes from ground water. The organic hydrocarbons and PAHs 
bind strongly to the soil, and also sparingly soluble in water, as a result their 
removals by various subsurface treatments are difficult. It has been 
demonstrated that surfactants increase the solubility of PAHs in aqueous 
solution, and in this way surfactant aided pump and treat technologies may 
speed the remediation process at sites contaminated with immobile NAPLs. In 
natural environment, the biological degradation is often restricted because of 
the strong sorption of these pollutants to soil particles and their low water 
solubility [228]. Therefore, several methods are used to enhance the solubility 
or aqueous concentration of the PAHs. A promising technique is the use of 
surfactants by increase the mass transfer from micellar core or phase to the 
microbial cell [229]. 
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Gemini surfactants have gained a lot of attention in recent 
years—especially the recent advances in the remediation techniques such as 
solubilization have opened the way for the solubilization of various HOCs in 
micelles. Micelles can solubilize water-insoluble compounds [230]. Gemini 
surfactants are a pair of monomer surfactants held together via a linkage either 
methylene, oxyethylene or ester between the polar head groups referred as 
spacer. Due to their unique structure and properties, they show versatile nature 
in many applications such as lowering in surface tension, possess much lower 
cmc than the conventional surfactants. Depending upon the polarity, the 
solubilized molecules would be solubilized at the palisade layer or into the core 
of the micelles. Although gemini surfactant has various applications by 
combining it with different conventional surfactants, solubilization [231-233] 
is a recent development in this field. Most of the solubilization studies have 
been employed in systems containing only one surfactant [234,235]. Several 
interesting properties such as ewe, have been studied by formation of the mixed 
micelles where gemini and conventional surfactants were combined. 
The environment is badly affected by the toxicity of the synthetic 
surfactants during their utilization for the PAH-solubility enhancement which 
can be avoided by the use of cleavable surfactants in the remediation processes. 
Mixed micelles formed by the environment-friendly cleavable gemini 
surfactants (that contain an easily degradable linkage) can he challenging and 
interesting ones because of the better performance of the gemini-conventional 
surfactant mixtures than the single surfactant solutions [236-240]. It would be 
interesting to examine the phenomenon of mixing effect on the solubilization 
capabilities and selection of surfactant mixtures for the surfactant enhanced 
remediation (SER) of soils and aquifers. 
A large body of literature exists on the equilibrium partitioning of 
various environmentally significant solutes, including PAHs, in surfactant 
mieellar solutions [206,241-243]. The binary surfactant mixtures are expected 
to show higher solubilization capacity as compared to the single-surfactant 
systems. Solubilization of PAI-Is may be strongly influenced by the rnicellar 
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characteristics of the surfactants employed. The efficiency of SEA at the PAH-
contaminated sites depends on the solubilization capacity of surfactant micelles 
for different PAHs. The surfactant solution may enhance the solubility of 
PAHs, but at the same time it is accumulated on the soil. To lower the 
accumulation of toxic surfactant we can use a cleavable gemini surfactant for 
the enhancement of solubilization of PAHs so that no additional pollutant 
threat is posed because their mnphiphilic structures consist of one polar head 
group joined to a hydrophobic alkyl chain via biodegradable ester linkages. 
Hydrophilic nature of spacer contributes to higher water solubility that helps in 
hydrolysis and degradation processes [244-247]. 
The Scope and Objectives of the Present Thesis 
The development of self—assembled molecules is an important area of 
interest in the field of colloidal and supramolecular chemistry. Molecular 
recognition-directed self-organization can lead to the formation of new 
surfactants/amphiphiles with more fascinating characteristic_ However, it is 
well known that the traditional amphiphiles (generally cationic) show good 
stability towards chemicals and microbes that gives chance to accumulate in 
the soil, water or in environment for a long period of time with slow 
degradation. Thus, the environment is affected considerably by the toxicity of 
the surfactants during their use in commercial and industrial applications, 
which can be avoided by the use of cleavable surfactants [244-246,248-2511. 
Readily cleavable gemini surfactants are most suitable for use instead of the 
conventional surfactants. Gemini surfactants with cleavable bond in spacer 
(like amide or ester) possess superior properties such as lower cmc, much 
greater efficiency in reducing the surface tension of water, reduced interfacial 
tension, special theological properties (viscoelasticity, shear-thickening) at 
relatively low concentrations than the conventional ones, etc [41,236,251]. 
Ester bonded gemini surfactants are found to have good biodegradability as the 
polar bond contributes to the higher water solubility making them easily 
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degradable [245- 247,252,253] with lower aquatic toxicity compared with other 
cationic surfactants (conventional as well as gemini) [41,247]. 
As mixed micelles show better properties than the single surfactant 
systems, these have been used in pharmaceutical, detergency, commercial 
industries, drug delivery systems, medicinal, biological and in solubilization 
studies [81,241]. Studies reporting the nature of micellar solutions of the 
mixtures of single-chain and double-chain surfactants have appeared in the 
literature recently only during the last decade [241,248,254,255]. To our 
knowledge only a few investigations have been made for the solubilization 
study in the gemini-conventional mixed micelles [241- 243] and no attempt is 
undertaken for this type of study in the mixed micellar medium containing the 
biodegradable gemini surfactant as one of the components. 
The specific objectives of the present study are to explain how 
partitioning of PAHs are influenced by the micelles of different cationic, 
anionic and nonionic surfactants with different molecular structure, and by 
their equimolar mixtures with a cationic cleavable/biodegradable gemini 
containing ester bonds in the spacer, and to characterize the extent of selective 
solubilization of PAH solutes in the mixed micelles. The solubilization of the 
PAHs in the mixed micelles formed by ethane-1,2-diyl bis(N,N-dimethyl-N-
alkylammoniumacetoxy) dichloride (n-E2-n, n = 12,14,16) and DTAC, TTAC 
and CTAC (the monomeric surfactants of identical chain length), and to 
compare the results with the n-E2-n mixtures of other monomeric cationic 
(CPC), anionic (SDS, SDBS) and nonionic (Brij 58, TX-100) surfactants. The 
investigations were carried out in three parts. In the first part, the cationic n-E2- 
n gemini surfactants were synthesized and their important properties were 
studied. In the second part, relevant physicochemical characteristics of the 
biodegradable geminis and their binary mixtures with conventional surfactants 
were determined by performing conductivity and surface tension measurements 
in aqueous solutions at 30 °C. The solubilization experiments were carried out 
to evaluate PAH-solubility as a function of individual surfactant concentrations 
and also of n-E2-n concentration in 1:1 binary mixtures. In the third part, 
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mixed micellization and solubilization studies were made with systems 
containing gemini-gemini binary mixtures. 
The aim of the present study is to see how partitioning of PAHs is 
influenced by the micellar structure of the different monomeric surfactants and 
their equimolar mixtures with the novel gemini surfactants, and to characterize 
the extent of solubilization of PAHs in the pure and mixed micelles. 
The aspects examined in the thesis are: (i) synthesis of novel 
biodegradable cationic gemini surfactants (n-E2-n; n = 12,14,16) and studies on 
their physico-chemical properties. (ii) mixed micellization studies of the 
cationic gemini surfactants with different conventional surfactants, (iii) 
solubilization studies of PAHs (naphthalene, anthracene, pyrene) in the gemini-
conventional surfactant mixtures, (iv) mixed micellization study of cationic 
gemini - gemini surfactant systems, and (v) solubilization of PAHs 
(naphthalene, anthracene, pyrene) in gemini-gemini mixed surfactant systems. 
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CHAPTER  -11 
ExperimentaC 
Materials 
The surfactants (both conventional and cationic geminis n—E2—n; 
n = 12,14,16) and polycyclic aromatic hydrocarbon (PAHs) used throughout 
the whole study, along with their abbreviations, molecular formulas sources 
and purities are given in Table 2.1. All the surfactants and PAHs were used as 
received. 
Synthesis of Cationic Gemini Surfactants 
The novel biodegradable cationic ester-bonded gemini surfactants 
(n-E2-n) were synthesized in two steps (Scheme 2.1) following a reported 
procedure [1]. 
CH200CCH2C1 
CH200CCH2C1 
CH3 
CH200CCH2 — NCJI201.C1- 
■.,n3 
+r CH3 
CH200CCH2 	NC11112114.1.C1- 
N...stH3 
CH2OH 
+2C1CH2C0C1 
	50 0C, 8h 
CH2OH 
	
N2 
CH3 
CH200CCH2C1 	I 
+ 2 NC„H2„.,1 
CH200CCH2C1 
CH3  
reflux,10h 
Ethyl acetate 
Scheme 2.1. Synthesis of cationic gemini surfactants ethane-1,2-diy1 
bis(N,N-dimethyl-N-alkylammoniumacetoxy) dichloride (n = 12,14,16). 
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(a) Synthesis of ethane-1,2-diyl bis(chloroacetate): In the first step, ethane-1,2- 
diyl bis(chloroacetate) was prepared by heating a mixture of chloroacetyl 
chloride (0.22 mol) and ethylene glycol (0.1 mol) at 50 °C for 8 h in nitrogen 
atmosphere. The reaction mixture was washed with saturated brine for 
complete neutralization and the product was dissolved in ether, dried over 
magnesium sulfate, and the solvent was then distilled off under reduced 
pressure. Low melting colourless needle-shaped crystals of the compound were 
obtained in good yield (15.15g, 65.36%). 
(b) Synthesis of cationic gemini surfactants: In the second step, the target 
compound was obtained by heating ethane-1,2-diy1 bis(chloroacetate) with N, 
N-dimethylalkylamine (dodecyl, tetradecyl or hexadecyl, molar ratio, 1: 2.1) in 
ethyl acetate for 10 h. When the solvent was removed under reduced pressure, 
white crystalline solid of the cationic gemini surfactants were obtained. It was 
further purified by repeated crystallization in ethyl acetate-ethanol mixture 
(5:1, v/v). The purity of the compound was confirmed by thin layer 
chromatography (TLC) (silica gel, CHC13-MeOH, 6:4, v/v). The yield of the 
characterized compounds n-E2-n were 30.40g (78.6%) for n = 12, 31.72 g 
(75%) for n = 14 and 36.81g (78.7%) for n = 16. The overall yield of the 
cationic surfactants varied from 70-80%. 
The purity of the gemini surfactants is critical as the surface activity can 
be changed in the presence of traces of impurities. Therefore, after 
recrystallizations, all the surfactants were characterized by I I-I-NMR, MS-ESI 
(+), FT-1R and elemental analysis. All the values obtained were satisfying, 
which indicated that the surfactants were well purified. Spectral data for the 
gemini surfactants are collected in Table 2.2 and Figs. 2.1-2.6. 
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Table 2.1: Names, abbreviation, stnictural formulas and purity of chemicals used. 
Name 	 Abbreviation 	Structural Formula 	Make 	 % Purity 
Reagents used for synthesis 
Ethylene glycol 	 — 	C211602 	 Sigma Aldrich (Switzerland) 	? 99.0 
Chloroacety I chloride 	 — 	C2H2OCl2 	Loba Chemie (Mumbai) 	? 98.0 
N, N—Dimethyldodecylamine 	— 	C12H27N 	 Acros Organics (USA) 	? 98.0 
N, N—Dimethyhetradecylamine 	— 	C14H31N 	 Fluka (Switzerland) 	? 99.0 
N, N—Dimethylhexadecylamine 	— 	C0H39N 	 Fluka ( Switzerland) 	> 95.0 
Ethyl alcohol 	 EtOH 	C2H5OH 	Merck (Germany) 	 > 99.9 
Ethyl acetate (Chromatography) 	EtOAc 	C4H102 	 Merck (Mumbai) 	 > 99.7 
Diethyl ether 
Chloroform 
Methyl alcohol 
C4H100 
CHCI3 
Me011 
s, d, fine-chew limited (Mumbai) 
s, d. fine•chem limited (Mumbai) 
C113011 	 s. d. line-them limited (Mumbai) 
> 99.0 
> 99.5 
> 99.5 
Sodium chloride NaCI E. Merck (Mumbai) > 99.5 
Calcium chloride (Fused) CaCl2 Merck (Mumbai) ? 98.0 
Magnesium sulfate MgSO4 Merck (Mumbai 
Silica Gel G (for thin layer 
chromatography) 
Merck (Mumbai) 
Dulbecco's Modified Eagle Medium 
powder 
D-MEM Gibco invitrogen Cat. No-12100- 
046 
? 98.0 
3+4,5.Dimethylthiazol.211)-2,5 MIT Sigma Cat. No.-M-2128 99.0 
.diphenyhetraolium bromide 
Contd.... 
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Cationic surfactants 
Dodeeyltrimcil∎ lammoniun chloride 	DTAC 	cH3(cH21INIcH3hc1 	Sigma-aldrich 	> 99.0 
Tetradecyltrimethylammonium chloride 	TTAC 	cH3(cH2),3N*(cHi);cr Sigma-aldrich (Steinheinr) 	> 98.0 
Hexadecyltrimethylammonium chloride CTAC 	CH3(CH2)131■11CH3)3C1 	Acros organic (USA) 	> 99.0 
Elexadecylpridinium chloride 	CPC 	cti3(Cn2)15N+05c1 	Merck 
Anionic surfactants 
Sodium dodecyl sulfate 	SDS 	C12l-125504Na 	Sigma (USA) 	 < 99.0 
Sodium dodecylbenzenesulfonate 	SDBS 	C1sH2403Na 	ICI (Japan) 	 99.0 
Nonionic siiihclatits 
PolvoxvethvIenel cetyl ether 	Brij 58 	H3C{CH2)1540CH2C112) Merck od 	• 
Polyoxyethylene t-octylphenyl ether 	TX-100 	(C81-117)C6F140(OCH2)9H 	Fluka (Switzerland) 
Contd... 
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Cationic gemini surfactants 
Ethane-1,2-diy1 bis(N,Aimethyl-N- 	I 2—E2—I2 	 Self—synthesized 
dodecylammoniumacetoxy) dichloride 
Ethane-1,2-diy1 bis(N,Alimeth) 	14—E2—I4 	 Self—synthesized 
tetradecylammoniumacetoxy) dichloride 
Ethane-1,2-diy1 bis(N,N-dimethyl-N- 	16—E2-16 	 Se1f—synthesized 
hexadecylammoniumacetoxy) dichloride 
Polycyclic aromatic hydrocarbons 
Naphthalene 	 NAP 	 CI0H8 	Fluka (Switzerland) 	a 99.0 
Attune 	 ANT 	CiaH18 	Koch-Light Laboratories Ltd., 	a 99.5 
(England) 
Pyrene 
	
PYR 	 C161.1io 	Fluka (Switzerland) 	 ?. 99.0 
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Table 2.2: Analytical characterization of the synthesized cationic gemini surfactants. 
Compound and Structure 	1R v (coil) 	'H•NMR 6 (ppm) 	MS-ES1 (+) 	(%) 	 Elemental 
(KHr) 	(Solvent CDC13) 	 Analysis (%) 
0.86-0.90 (t,6H, -2 x C113, 	605.6 (M-Cl) 	 C 59.55, 
alkyl chain) 	 555.6 (M-C1-CH3C1-) 	H 9.45, 
1.25.134 (m,36H, -2 x (C49, 298 (C12H23CH3)2N+CR200CH:CH2) N 3.90 
alkyl chain) 
	
130 (CH))2N+01200CHH2) 
1.77 (MR, -2 x N+CH2CH2) 
3.53 (s,12H, -2 x NIC/13)2) 
3.19 (OH, -2 x Clb0) 
4.49 (s,4H, -2 x Nt/12) 
5.36 (s,4H, -2 x NtH2C00) 
2922,2855 (C-H) 
1746 (C=0) 
1465 (C-0) 
I188 (C.N) 
Contd.... 
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14-E2-14 
2922, 2850 (C41) 0.844-0.867 4,6H, -2 x CH,, 662 (M-C1"). 661(1st-C11 
1749 (C=0) 	alkyl chain) 	 611(M-CH3C11,633(M-C2H5C1) 
1,237-1,326 (m,44H,-2x(C112)11, 298 Ci21-125CH))2N+CH20001=G12) 1471 (C-0) 
1188 (C-N) 	
alkyl chain) 	 130 (CH3)2NICH200CHC112) 
1,759 (m,4H, -2 x N(CH2C112) 
3,517 (s,1211, -2 x NIC113)2) 
3.768-3.777 (s, 4H, -2 x CH20) 
4,475 (s, 4H, -2 x Ntfil) 
5.36 (s, 4H, -2 x li4CH2C00) 
C 60.24, 
H8, 
N 163 
 
Contd.... 
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I6—E2-16 
atoomr...N tvvvvvv 
(11:001---N 
2922.2855 (C-H) 0.86490 (t, 6H, -2 x CM, 	718 (M-C1) 
1749 (C--0) 	alkyl chain) 	 667 (M-CI--CH3C1-) 
1473 (C-0) 	1.25-1.34 (m, 52H, -2 x 	457 
1184 (C-N) 	(CH2)1 3, alkyl chain) 	(M+1e-Cmil29NI(CH3hCH200CH=CH2) 
1.76 (m, 411, -2 x N+CH2CH2) 130 (CH3R14CH200014112) 
3.53 (s, 12H, -2 x 002) 
3.79 (s, 4H, -2 x CH20) 
4A9 (t, 411, -2 x NTH?) 
5.36 (s, 41-1, -2 x $14CH2C00) 
C 63.76, 
H 10.39, 
N 3.63 
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Preparation of Solutions  
Dimineralized double-distilled water (over alkaline KMnO4 in an all-
Pyrex glass distillation set-up) was used to prepare solutions. Specific 
conductivity of the double distilled water was in the range (1-2) x 10.6  
Special care was taken for cleaning the glass wares with chromic acid and then 
by rinsing with the double distilled water. 
Instrumentation  
Conductance Measurements 
The conductance as a function of surfactant concentrations was 
measured at 30 °C by using ELICO conductivity bridge Model CM82T and dip 
cell (cell constant 1.026 cm-I ). The temperature was calibrated using a 
circulating water bath. The stock solutions of the gemini surfactants and 
conventional surfactants were prepared in double distilled water and then the 
desired mole fractions were obtained by mixing precalculated volumes of the 
stock solutions. The conductivity of each of the single/binary surfactant 
solution was found to increase with the concentration of the surfactant. The 
intersection of two linear segments, corresponding to the pre- and post.- 
micellar forms, obtained from the plots of specific conductance (lc) vs. 
concentration, was taken as cmc. The degree of counterion binding (g1 ) was 
determined from the ratio of the slopes of the conductivity isotherms above and 
below the cmc [2]. 
Surface Tension (y) Measurements 
Surface tension measurements of the surfactant solutions were done with 
Kruss 11 Tensiometer (K 11 MK3, Germany) by Platinum ring detachment method 
at 30 °C. The temperature was maintained at the desired value (within ± 0.2 °C) 
by circulating water from an ORBIT RS I OS thermostat to the sample holder. 
The surfactant solutions were prepared in double distilled water; for complete 
removal of impurities, the Pt ring was washed with double distilled water and 
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burnt with ethanol flame. The surface tension of each of the single and binary 
surfactant solutions decreased by addition of concentrated surfactant solution in 
pure water (a Hamilton microsyringe was used for adding the solutions). The 
accuracy of surface tension measurement was within ± 0.15 mNrii i . The cm: 
values were evaluated from by plotting surface tension vs. logarithm of the 
surfactant concentration plots. 
The purity was further ascertained on the basis of absence of minima in their 
surface tension—log concentration isotherms [3]. 
Spectrophotometric (UV-Visible) Measurements 
The surfactant solutions (above the cmc) of different concentrations were 
prepared. Excess amount of PAH was added to vials containing ilml each of the 
surfactant solution to ensure its maximum solubility-. The sample vials were 
sealed with screw cap fitted with Teflon lined septum to prevent any type of 
loss and stirred at room temperature with the help of magnetic stirrer for 24 h. 
The excess undissolved portion of the solubilizate was removed by 
centrifugation at 12000 rpm. The concentrations of the solubilized naphthalene, 
anthracene and pyrene were determined by taking the absorbance of the 
solutions at wavelengths 253 run and 272 nm, respectively, using Shimadzu 
UV-Vis spectrophotometer (UV-mini-1244 The surfactant concentration was 
kept the same in both the reference and measurement cells to minimize the 
error on UV absorbance. From the absorbance darn, the solubility or 
concentration of the PAHs was calculated by using the Lambert-Beer law 
(molar extinction coefficients for naphthalene, anthracene and pyrene are 
5.2x10', 1.82x105 and 4.71 s104 	respectively, as reported by Moroi et 
[4]). 
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Characterization  
FT-IR 
The preliminary characterization of the synthesised gemini surfactants 
was carried out by IR spectroscopy using Interface 2020 FT-IR 
Spectrophotometer (Spectrolab, U. K.) with KBr used as a medium (Table 2.2). 
II-NMR Measurements 
'H-NMR spectra of the synthesized geminis were recorded on 300 MHz 
Bruker Avance NMR spectrometer (Central Drug Research Institute, Lucknow) 
in CDC13 with 'H chemical shifts relative to internal standard tetramethylsilane 
(TMS) (Table 2.2, Figs. 2.1-2.3). 
Mass Fragmentation Measurements 
Electrospray mass spectra were recorded on Micromass Quattro II triple 
quadrupole mass spectrometer. The samples (dissolved in suitable solvents 
such as methanol/acetonitrile/water) were introduced into the ESI source 
through a syringe pump at the rate of 5 Al per min. The ESI capillary was set at 
3.5 kV and the cone voltage was 40 V. The spectra were collected in 6 scans 
and the print outs are averaged spectra of 6-8 scans (Table 2.2, Figs. 2.4-2.6). 
Elemental Analysis 
Microanalyses/ elemental analysis of carbon, hydrogen and nitrogen 
were performed on Vario-EL-III-Elemental analyzer, CHN-OS, Japan and are 
recorded as percentage in the compounds (Table 2.2). 
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Differential Scanning Calorimetry (DSC) 
DSC provides valuable information about thermotropic behavior of 
compounds. The thermograms of n-E2-n were recorded by using DIG-6011 
(Simultaneous DTA-TG Apparatus, Shimadzu, Japan) with scanning rate of 
10-20 °C/min from 0-200 °C. The experiments were carried out on an alumina 
sample pan by using a nitrogen flow rate of 40 ml/min. The DSC results 
(Figs. 2.7-2.9) are shown in heat flow (mW) vs. temperature plots [5]. 
Results: The phase-transition temperatures of gemini surfactants were 
determined from simultaneous DSC graphs which assure the enantiotropy of 
liquid-crystalline behavior 161. Thus, it shows melting peaks and decomposing 
peaks in the heating scan. The heating-cooling cycle was performed to assure 
the homogeneous mixture of water and surfactants. The DSC (Figs. 2.7 2.9) 
results in the complete phase transformation by simultaneous heating and 
cooling of sample. In all thermograms there are two remarkable peaks 
observed for the heat of fusion of gemini. The first sharp peak appears at 56 °C, 
67.25 °C and 74.17 °C the crystals transform to the liquid-crystalline state, after 
heating, only liquid state of compounds was observed beyond the second broad 
peak at 185.11-174.53 °C. The cooling process is shown by line in blue color. 
The compounds were heated up to that temperature where no more exothermic 
peaks were observed that indicates the complete transformation from 
metastable to stable phase. For I6-F2-16, at lower temperature, the crystal-to-
crystal transition occurred and after heating at higher temperature, two broad 
endothermic peaks appeared that can be shown by onset temperature, melting 
temperature and decomposing or endset temperature whereas the heating traces 
of 12-E2-12 showed only two peaks at 56.13 'C and 185.11 t. On heating, the 
alkyl chains start to melt (shown by onset temperature) whereas the other parts 
(spacer) having ester linkage are still stable. At this point the samples are in 
intermediate phase (a mesophase) between the liquid and crystalline phases. If 
heating is continued, the ester linkage breaks down, and an isotropic liquid is 
formed at the clearing point. In general, the thermal stability of these gemini 
surfactants decreases with increase in the hydrophobic alkyl chain length from 
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16 z:14 < 12 chain unit, in the same way melting point decreased with increased 
hydrophobic chain part [5,7]. Because the smaller hydrophobic chain may be 
able to fold along with hydrophilic spacer, allowing close packing and 
consequently, phase transition occurs at higher temperature. 
Cleavable Properties 
The presence of ester linkages in the spacer part of the cationic gemini 
surfactants suggests that these might be cleavable through chemical means in 
alkaline condition. 0.05 g of gemini surfactants was taken in 10 ml buffer 
solution. The alkaline condition of the solutions was maintained at pH 7.4 and 
pH 12 using phosphate-buffered saline and sodium hydroxide/potassium 
hydrogen phosphate (Ringer Buffer) [8,9]. 
From the FT-IR spectra it is quite evident that the gemini surfactants get 
cleaved by the buffer in 8 h at both the pH (Figs. 2.10-2.12). The absorption 
bands for the ester groups (-0C=0) at 1746.48-1746.36 of n-E2-n 	= 
12,14,16) are shifted to 1640.5-1641 cm-1 and new absorption band for the -
OH group appears at 3503.49 cm-1. Thus, the formation of easily degradable 
compounds such as fatty acid salts and respective diol or compounds with 
hydroxyl group takes place. Thii indicates the hydrolysis or cleavability of the 
gemini surfactants. 
Biological Properties of the Surfactants 
Hemolytic Activity 
Hemolysis (HC50) was determined using red blood cells from healthy 
human donors. 
(a) Erythrocyte preparation: Human blood was taken from the own and drawn 
into heparinized tubes. The erythrocytes cells were washed several times in 
phosphate-buffered saline (PBS) containing 6.78 g NaCl, 1.42 g Na2HPO4, and 
0.4 g KH2PO4 in 1 L distilled water (pH 7.4). The cells were then suspended in 
the PBS at a cell density of 2x109 cells/ml [10]. 
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(b) Hemolysis assay: Aliquots of 25 ml of erythrocyte suspension were pipetted 
into polystyrene tubes containing different concentrations of surfactants in PBS 
to a final volume of 1 ml and were incubated for 10 min at room temperature. 
Following incubation, the tubes were centrifuged (5 min at 500 rpm), and the 
percentage of hemolysis was determined by comparing the absorbance (544 
nm) of the supernatant with that of control samples totally lacznolyzed with 
distilled water by using a BIVIG FLUOstar Galaxy 384 microplate reader 
spectrophotometer (BMG Labteclutologies Ltd., Germany). 
Results: The cationic surfactants are used in a wide range of pharmaceutical 
and biotechnological applications. Its structure— membrane toxicity relationship 
can be poorly understood nowadays. We have evaluated the influence of 
structural parameters on the toxicity of cationic gemini surfactants and CTAC 
is taken for comparision. the interaction of these geminis with human cells has 
been evaluated using erythrocyte cells. Human erythrocyte cells have no 
internal organelles which were used to study surfactant—membrane interactions 
[1]]. Gemini surfactants have lower cue than the single chained surfactants, in 
other words it is less surface active, while the gemini surfactants are more 
hydrophobic ones, showed the highest hemolytic activity at lower FIC50. these 
findings indicate that the hydrophobicity and the capacity of forming micelles 
affect the toxicity levels of these cationic surfactants [12]. Gemini surfactant 
enhances the hydrophobic interaction, giving rise to surfactants that can 
aggregate at very low concentrations. The increase in the hemolytic character 
of gemini surfactants could he due to the increase of these interactions. In our 
case, the dinicric surikEaras are the most hemolytic surfactants with higher 
charge density than the monomer surfactant. From the hemolysis results, 
evaluation of the concentration that induces the hemolysis of 50% of the 
erythrocytes (IIC.,D) was determined and quantified from plots of percentage of 
hemolysis as a function of surfactant concentration [11-13]. 
It is evident from Fig. 2.13 that the toxicity of 16-E2-16 is extremely 
low as compared to the conventional surfactant CTAC [14,15]. Due to the 
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higher hydrophobicity of 16-E2-16, the 1-IC50 value is found to be lower 
amongst all three surfactants. 
In comparison with other cationic surfactants, it is noticeable that these 
gemini surfactants showed significantly lower hemolytic activity than 
CTAB/CTAC [16]. 
Cytoxiciv Assay (MTT Test) 
The 	MTT 	(3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium 
bromide)-based cytotoxicity test was used to evaluate all the gemini surfactants 
(n-E2-n, n = 12,14,16,) and monomer, i.e., CTAC. The MTT assay was 
performed on mouse 313-L1 fibroblast. 3T3-L I preadipocytes were plated into 
96-well plates at a density of I x104 cells/well in 200111 in (D-MEM) Dulbecco's 
Modified Eagle Medium powder (high glucose medium). After 24 h. culture 
medium was replaced by fresh media containing different concentrations of 
gemini solutions (500, 100, 10 and 1µM) and cells were incubated for 24h at 37 
°C and 5% CO2 in CO2 incubator. Then 25 ill aliquot of 3-(4,5-dimethylthiazol-
2-y1)-2,5-diphenyltetraoliumbromide (MTT, an yellow tetrazole; 5 mg/ml in 
PBS p1-1 7.4) was added to each well and incubated for 4 h at 37 °C. 
The supernatant (the MTT solution) was removed carefully and 
insoluble formazan crystals were dissolved in 200 µl/well dimethyl sulfoxide 
(DMSO). The absorbance was measured spectrophotometrically in a BMG 
FLUOstar Galaxy spectrophotometer (BMG Labtechnologies Ltd., Germany) 
at a wavelength of 544 nm [17,18]. 
Statistical analysis: Statistical analysis was carried out by using Student's t-test 
for paired data. Experimental data are expressed as means ± standard errors of 
the means (SEM) with the help of SPSS 16. The level of significance was set at 
P < 0.05. By conventional criteria for P < 0.0001, this difference is considered 
to be extremely statistically significant. For 14-E2-14 and 16-E2-16, at 500 
}.LM, 100 }AM considered to be statistically significant. 12-E2-12 is extremely 
statistically significant, nontoxic and close to control. 
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Results: The cytotoxicity on the 313-L I fibroblast cell was evaluated by the 
absorbance vs. concentration plots. All the data are expressed as mean ± 
standard deviation for three different experiments done in triplicate. From Fig. 
2.14 it is clear that all the three cationic dimeric surfactants are appreciably less 
toxic than the single chain surfactants, i.e., CTAC. In the case of single-chain 
surfactants, it is expected that the toxicity increases with longer alkyl chains. 
Nevertheless, in the case of gemini surfactants it would be probable that the 
toxic levels decrease with higher alkyl chains [7]. As we know that the 
hydrophobicity, number of cationic charges as well as charge density play an 
important role in the toxicity of the compounds. The influence of these 
parameters is different for the type of cell used for evaluating the toxicity. Here 
the cells in media are taken as control and CTAC is used for comparing the 
toxicity with the ester-linked gemini surfactants. In our case, different trend is 
observed. It is evident from Fig. 2.14 that 12-E2-12 is nontoxic up to 100 JIM 
and all cells are viable like in the control whereas 14-E2-14 and 16-E2-I6 are 
toxic at higher concentration. i.e., at 500 1.1.M. which is less toxic than the 
conventional one. 
Antimicrobial Studies 
Cationic surfactants are of interest because of their membrane-disruptive 
and rapid antimicrobial activities [19-21]. These surfactants are often active 
against a broad spectnim of microbes including bacteria and other cells [22]. 
Due to their high affinity towards biological membranes, these surfactants 
show a low selectivity and may be producing damaging effects to a variety of 
mammalian cells [23-25]. 
In the present era, time needed to control the growth of microorganisms 
with cationic surfactants is short, it could be expected that side effects in the 
host might be decreased by the use of substances that are subject to hydrolytic 
degradation. The products obtained in the hydrolysis process should also be 
significantly less toxic than the parent compound and should ideally constitute 
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normal metabolites of the host. For example, dilute solutions of 
cetyltrimethylammonium bromide (CTAB) have been included in eye-drop 
formulations because of its mild anti-bacterial properties, and the use of low 
concentrations of dioctadecyldimethylammonium bromide (DODAB) to reduce 
bacterial contamination of water has been suggested [26]. 
To explore the possible use of degradable cationic surfactants, we 
studied antimicrobial activity of the ester-linked cationic gemini surfactants 
(n-E2-n; n = 12,14,16) against various prokaryotic and eukaryotic 
microorganisms which was evaluated by measuring the diameter of inhibition 
zone (mm) (Table 2.3). 
The cationic surfactants become intercalated into the hydrophobic 
interior of the microbial membrane, and the cationic polar head group 
participates in charge interactions with neighboring surface structures [18]. In 
general, the antimicrobial activities of these surfactants are dependent on the 
length of the hydrophobic alkyl tail and show interaction with lipid bilayer 
structures of cell membranes. Furthermore, they cause leakage of cytoplasmic 
compounds, indicating that the plasma membrane is also affected [12, 15]. 
Charge interactions between quaternary nitrogen groups of n-E2-n/surfactants 
and phosphate groups in phospholipids and lipopolysaccharide may lead to 
complex formation [18]. 
The synthesized gemini surfactants were tested for their antimicrobial 
activity against bacteria and fungi [27]. 
(a) Growing of microorganisms: The bacterial strains were cultured on a 
nutrient broth and incubated at 37 °C for 24 h whereas fungi strain was cultured 
on SDB (sabraud dextrose broth) and incubated at 37 °C for approximately 
18-48 h. 
(b) Measurements of resistance and susceptibility: Agar well method was used 
to determine the antimicrobial activity of the test compounds. Briefly, 0.1 ml 
bacterial culture suspension were spread on to nutrient agar plates uniformly 
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while for fungus SDA plates were used. 8 mrn wells were cut and loaded with 
the test compounds. Each plate had one negative control disc impregnated with 
solvent. Antibiotic disc. chloramphenicol (30 tg/disc) and nystatin (30 .tg/disc) 
were used as control for antibacterial and antifungal studies, respectively. The 
antibacterial as well as antifungal activities of the surfactants were determined 
by measuring the diameters of the inhibition zone (in mm). 
Results: Antibacterial activity of the cationic amphiphiles was investigated and 
the results were compared with those of the nonhydrolyzable surfactant 
DTAC.The bacterial cell surface is generally negatively charged, and hence, 
the cationic surfactants interact with the bacterial cell wall by electrostatic 
interaction as well as by the hydrophobic interaction. The sequence of the 
interaction of the cationic n-E2-n may be due to (i) adsorption on the cell 
surface of bacteria, (ii) binding to the cytoplasmic membrane via diffusion 
through the cell wall, and disrupt the cytoplasmic membrane, results the death 
of the cell. Electrophoretic measurements have clearly demonstrated that the 
bacterial cell surface is usually negatively charged, and hence, the adsorption 
of cationic amphiphiles on the negatively charged cell surface is facilitated by 
electrostatic interaction, along with the hydrophobic interaction [28]. 
The cationic geminis were tested in vitro antibacterial activity against an 
assortment of two gram-positive bacteria (Staphylococcus aureus SA 22, 
Bacillus subtilis MTCC 121) and two gram-negative bacteria (Escherichia coli 
K/2, P. aeruginosa). In vitro antifungal activity was tested against a fungal 
strain, Candida albicans 10A-109. The minimum inhibitory concentrations 
(MIC) of the tested compounds were 400 tg/ml. The n-E2-n compounds 
exerted significant inhibitory activity against the growth of the tested bacterial 
and fungal strains. The data (Table 2.3) reveal that the compounds have 
significant influence on antibacterial profile of gram-positive bacteria. Because 
of the difference in their structure and composition of bacterial cell wall, they 
show different activity towards tested compounds. The gram-positive bacterial 
cell wall is composed of a thick wall containing many layer of peptidoglycon 
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and teichoic acids [29]. The mechanism of the action of compound on 
microorganism depends on the hydrophobicity and amphiphilic nature of the 
surfactant. There is an attractive interaction between the hydrophobic chains 
and the lipid layers and protein of the cell membrane which facilitates the 
adsorption on cell surface of microbes. The compounds also showed moderate 
to good inhibitory results against Gram-negative bacteria E. coli and no activity 
was observed for P. aeruginosa. As expected, the gram-negative bacteria were 
more resistant than the gram-positive bacteria, we can say some gram-negative 
bacteria are relatively insensitive because their outer membranes are composed 
of high lipopolysaccharides and proteins that restrict the entrance of biocides 
and some hydrophobic-hydrophilic compounds [10]. So, the antibacterial 
activity of n-E2-n is higher against gram-positive than against gram-negative 
bacteria. Further antifungal screening revealed that the n-E2-n exhibited 
moderate to good inhibition to C. albicans. The fungal membranes are 
composed of glucosamine and chitin, which give these cells higher rigidity and 
resistance to biocide agent. It is reported that cationic surfactants having multi-
polar groups showed higher antimicrobial activities than the single headed 
cationic surfactants because of having high charge density carried out by the 
head groups [20]. Among all the tested n-E2-n with respect to conventional 
one, I 6-E2-16 showed more potent inhibitory activity against both types of 
bacteria and other showed moderate to good inhibition towards C. albicans. 
Biochemical Oxygen Demand (BOD) Test 
The test for BOD was done to find out the tendency of the gemini 
surfactant to biodegrade. The inherent biodegradability of n-E2-n was 
evaluated by the BOD test by the oxygen consumption method which took 5 
days to complete [30]. 100 mg of the sample was added to 100 ml of basic 
culture solution. The change in the BOD (mg) of the system was monitored for 
5 days. The biodegradability was calculated as 
Biodegradability (%) = [(BOD — blank)/TOD] x 100 
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(TOD refers to the theoretical oxygen demand when the test compound is 
completely oxidized) 
All the cationic gemini surfactants showed good biodegradability after 5 
days. 42 %, 39 %, and 23% of the gemini surfactants (n-E2-n; n = 12,14,16) 
were biodegraded after five days showing their good biodegradability. Usually, 
the insertion of an ester or amide linkage between the alkyl chain and the 
hydrophilic moiety improves the biodegradation of surfactants. 
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Fig. 2.1. 1 H-NMR spectra of the gemini surfactant (12-E2-12) in CDC13 at 300MHz. 
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Fig. 2.2. I R-MAR spectra of the gemini surfactant (14-E2-14) in CDC13 at 300MHz. 
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Fig. 2.3. 1 H-NMR spectra of the gemini surfactant (16-E2-16) in CDC13 at 300MHz. 
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 Micellizatirm Behavior of 
Cationic Ester-banded Gemini 
Surfactants (n-112 -n, n = 12, 14, 16) with 
ConventianaC (Cationic, Anionic and 
Nonionic) Surfactants in Aqueous 
Medium 
Introduction  
Mixed surfactant systems are of scientific interest as well as 
technological value. The production of single-component surfactants is 
generally expensive, and the properties of pure surfactants are rarely better than 
the surfactant mixtures. Often, the mixtures may exhibit superior behavior 
compared to the pure surfactant components 
Surfactant mixtures, in which one of the components is a biodegradable 
gemini, are of considerable interest for various applications. Although several 
researchers have chosen the mixed micelles for different kind of studies f 1-22], 
reports regarding the nature of the gemini-conventional mixed micellar 
solutions are less. Because of the lack of work on the mixed micellization study 
of biodegradable gemini with ester group functionality in the spacer part as one 
of the components, we have studied the physico-chemical properties of the pure 
and mixed micellar solutions of different cationic, anionic and non-ionic 
surfactants with three cationic biodegradable geminis (n-E2-n; n = 12,14.16) of 
different hydrophobicity. The main inducement for the synthesis of such 
gemini surfactants is their eco-friendly nature and, after characterization, their 
use in solubilization of PAHs. We have examined the micelles formed from the 
dimeric 	surfactant, 	ethane-1,2-diy1 	bis(N,N-dimethyl-N- 
alkylammoniumacetoxy) dichloride, n-E2-n, where E2 represents two ester 
groups in the spacer. Based on the behavior of other cationic gemini surfactants 
having ester groups, this compound is possibly more biodegradable and less 
toxic than common cationic gemini surfactants. The investigations were made 
by using conductometry and surface tension measurements. 
Results and Discussion  
The mixed micellization study of n-E2-n was clone with six different 
monomeric surfactants at different mole fractions. The solutions of gemini 
(cationic) and conventional (cationic, anionic, nonionic) surfactants were 
prepared in terms of the mole fractions of gemini (ot i ) equaling 0.2, 0.4, 0.5, 
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0.6, 0.8 in the mixed systems, with the total concentrations of all the mixed 
solutions remaining same at each mole fraction. For each surfactant, the cmc of 
the single and binary mixtures with the above mole fractions were determined. 
Each experiment was repeated to achieve good reproducibility. All the 
solutions were prepared in double distilled water. 
The conductivity method is a useful tool for the determination of the 
critical micellization concentration (cmc) of ionic surfactants [8,14-17]. The 
measurements are simple and accurate. The technique is based on the different 
equivalent conductivities of an ionic surfactant dissolved molecularly or in 
micellar form in water. In the ideal case, an ionic surfactant is completely 
dissociated below the cinc, and in this region the conductivity is a linear 
function of the concentration with a steep slope equal to the sum of individual 
ionic molar conductivities. 
Surface tension (y) has long been established as one of the important 
physical parameters for determining the cmc of surfactants. When surfactant 
molecules are added to water, the excess surface concentration remains 
constant while y decreases linearly. After saturation, the added surfactants 
assemble to form aggregates called micelles and y remains constant. cmc is 
obtained from the break point in the y versus log[surfactant] profile. Constant 
value of y at cmc is a measure of the effectiveness of the surfactant. 
The cmc values of the gemini-conventional mixed surfactant systems of 
different compositions were determined by the conductivity measurements. 
Although it is not possible to perform the conductivity experiments for the pure 
non-ionic surfactants, for the gemini-conventional surfactant mixtures the 
conductivity could be measured. The cmc values are obtained from the specific 
conductivity versus [surfactant] plots and the break point in the surface tension 
(y) versus log [surfactant] profile for the pure gemini surfactants and for the 
mixed systems the plots are shown in Figs. 3.1-3.15. 
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Effect of Hydrophobicity on the cmc 
All the plots show sharp breaks between straight lines drawn through 
intermediate and high surfactant concentration regions. The cmc values were 
obtained from such profiles (Fig. 3.16, Tables 3.1-3.3). The gcmini surfactants 
12-E2-12, 14-E2-14, 16-E2-16 are more efficient in lowering the surface 
tension of water and have much lower cmc values due to their greater 
hydrophobicity as compared to the corresponding conventional monomeric 
surfactants DTAC, TTAC and CTAC. The two hydrocarbon chains break more 
"structured" water (vis-a-vis single head/single chain conventional surfactant) 
which is an energetically favored process. Therefore, the cmc values are always 
lower for gemini surfactants than their analogous conventional counterparts 
[23]. The position of functional group also affects the micellization process. 
Two ester bonds in the spacer make it more hydrophilic that prompts micelle 
formation at low concentration [9,24]. The cmc values of the pure surfactants 
decrease in the order: DTAC > SDS > TTAC > SDBS > CTAC > CPC > TX- 
100 > Brij 58 > 	16-E2-16 > 14-E2-14 > 12-E2-12. The nonionics have 
naturally less cmc than the cationic/anionic conventional surfactants. The cmcs 
of the pure monomeric surfactants agree with the literature values [25-31]. 
Several methods have been used to evaluate the cmc values. The cmc 
and cmc-derived parameters are found to depend upon the methodology chosen 
for cmc determination. For general correlation [32], we have, therefore, used 
the average cmc values determined by the conductometry and tensiometry 
methods (Tables 3.1-3.3). 
Synergistic Interactions between the Surfactants in Mixed Micelles  
The cmc values of different gemini-conventional mixed surfactant 
systems (Tables 3.1-3.3), determined from the surface tension 
(y)—log[surfactant] and specific conductivity (x)—[surfactant] plots, are lower 
than the cmc of the component surfactants and the ideal cmc (cmcd„/ ) values. 
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For various mixed surfactant systems the cmculecil values were calculated using 
Clint Eq. (3.1) [33] 
1= a + " 2 	 (3.1) 
cmc,d,,,,, one, cmc2 
where a1, a2 are the stoichiometric mole fractions, cmci and cmc2 are the cmc 
values of the gemini and conventional surfactants, respectively. Lower values 
of cmc/2 (i.e., the experimental cmc) than cmcdea, indicate their nonideal 
behavior, which is a required condition for the synergism between the 
constituents in the mixed micelles (Fig. 3.16). Several types of intermolecular 
forces acting between the surfactant molecules are responsible for the 
formation of the mixed micelles. The nature and strength of interactions 
between the surfactant molecules in the mixed micelles have been interpreted 
in terms of interaction parameter 
[w,2 -(-1 w„+-1 0/22)1/RT,  W being the molar interaction energy between the 2 	2 
indicated constituents). According to Rubingh [34], if two surfactants form 
mixed micelles, then X,'" (micellarmole fraction of gemini) is related to al  
cmc I , cmc2, and cmc J2  as 
[(X," ln(cmc nal /cmc i m ).1 
	 = 1 
(I -X )2 In[cmc 120 - a, )/cmc2(1 -X im )] 
(3.2) 
The value of Xim was obtained by solving Eq. (3.2) iteratively, which 
was then used to calculate fin' 
= fin (cmc 12 al /cmc im )J/(1 -X im )2 	 (3.3) 
The experimental results can be interpreted quantitatively by 
considering Rubingh's equation [34], which is based on the Regular Solution 
Theory (RST), and allows for the calculation of the micellar mole fractions as 
well as the interaction parameters. The nature and strength of interactions 
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between the surfactant molecules in the mixed micelles have been interpreted 
in terms of r . For the gemini-conventional mixed micelles X,"' and 8"  were 
calculated with the use of Eqns. (3.2) and (3.3), and are compiled in Tables 
3.1-3.3. The flm values give an idea about the type of interaction between the 
two components in the mixed micelles which leads to the deviation from 
ideality. As the r values vary with the composition of the systems, frequently 
fl: values are used. The higher absolute value of ft"' implies reduction in free 
energy of micellization, which makes the system thermodynamically more 
stable indicating higher synergism i.e. higher attractive interaction. When ft"' 
is positive, there is repulsion between the constituents of the binary surfactant 
system and the interaction is antagonistic in nature. But in all the studied 
systems we have obtained negative /3"1 , indicating the presence of synergistic 
interaction between both the components in the mixed surfactant systems 
which again favors the micellization process. The order of )6,7, values for the 
mixed systems is gemini-anionic > gemini-cationic > gemini-nonionic. 
Cationic Dimeric+Cationic Monomeric Surfactants 
As the gemini n-E2-n is a dieter of CnTAC (n = 12,14,16), 
physicochemical behavior of the binary gemini-C„TAC and, for comparision, 
gemini-CPC systems were studied. We see (Table 1) that the cmc12 values 
decrease slowly with the increase of et, which suggests that CnTAC/CPC can 
easily partition into the micelles formed by n-E2-n. 16-E2-16+CTAC shows 
higher synergism as compared to 12-E2-12+DTAC and 14-E2-14+TTAC due 
to the longer hydrocarbon chain in the former system which may facilitate 
more micellization. Low hydrophobicity and high cmc also affect the surfactant 
interactions. n-E2-n+CPC shows less synergism than the mixture of straight 
chain conventional cationic surfactants because of the bulky pyridinium head 
group that decreases the surface charge density by forming loose mixed micelle 
aggregates (Tables 3.1-3.3). Higher X7 values in case of gemini-CPC indicate 
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a more favorable condition for the formation of mixed micelles where 
contribution of gemini is higher than that of the conventional surfactant [161. 
Cationic Dimeric+Anionic Monomeric Surfactants 
Formation of mixed micelles between the dicationic gemini and anionic 
surfactants SDS/SDBS is affected by the electrostatic interaction between 
them. Among all the n-E2-n + conventional surfactant systems more negative 
fi"' values were obtained for 12-E2-12+SDS suggesting strong synergism due 
to strong coulombic attraction between the oppositely charged head groups of 
the anionic SDS and cationic gemini surfactants which facilitates micellization. 
The lower value of fl" for n-E2-n+SDBS system implies less surfactant-
surfactant interaction due to the molecular structure of SOBS, as it may not be 
accommodated properly in the mixed micelles. n-E2-n forms more stable 
mixed micelles with SDS than the other monomeric surfactants as can be seen 
from the AG: values. The negative fi'm values are due to the attractive 
interaction between the surfactants, i.e., nonideality of the mixed surfactant 
systems. All the mixed systems have lower cmc's than the individual 
surfactants; among them gemini-SDS provides better mixed micelles than the 
other systems, in conformity to our earlier results [16]. SDBS behaves like 
SDS. The mutual interactions among the surfactants in micelles depend on their 
nature. hydrophilic and hydrophobic parts. 
Cationic Dimeric+Nonionic Monomeric Surfactants 
Least synergism is observed for n-E2-n+Brij 58 system (Tables 3.1-
3.3). Gemini monomers in aqueous solution may exist in cis conformation to 
allow the intermolecular interaction between two alkyl chains of the molecules. 
12-E2-12 is more efficient than 16-E2-16 for the formation of mixed micelles 
because of less conformational strain in arrangement of alkyl chains exhibiting 
higher interaction. The presence of ester linkage in one of the components in 
mixed micelles may facilitate the association between the surfactant molecules 
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through dipole-induced dipole and hydrogen bonding interactions with 
interfacial water [35]. We have observed decrease of cmc12 with the increase of 
al for the gemini-Brij 58/Tx-l00 systems. The negative fim values show 
existence of synergistic interactions between the surfactants in mixed micelles. 
Interactions between the components are usually considered as the result of two 
contributions: one is due to the interactions between the hydrophobic parts of 
the surfactants in the micellar core, the other is because of the electrostatic 
interactions between the hydrophilic head groups of surfactants at the interface. 
For binary systems containing TX-100 as one of the components, Wang et al. 
[36] have explained the non-ideality by considering that the intercalation of 
TX-100 molecules among the dimeric surfactant molecules within the micelle 
results in a decrease of electrostatic repulsions at the interface, this promoting 
micellization. In mixed micelles, X 2"' values are lower than X;" (Tables 3.1-
3.3) showing more propensity of the gemini surfactants towards micellization. 
Positive deviation of X'," from X,"` was observed for all the binary systems as 
shown in Figs. 3.17-3.19. For n-E2-n+Brij 58, the contribution of Brij 58 is 
more in the mixed micelles. 
The activity coefficient (fm) of individual components within the mixed 
micelles can be obtained by using Eqs. (3.4) and (3.5) 
fm =exp (13"(1 — X I' )2 } 	 (3.4) 
=exp {fin X I' )2 ) 	 (3.5) 
The results f,'"<1 and fin> f,'" imply the formation of mixed micelles with 
higher participation of gemini than conventional surfactants. The activity 
coefficients of the geminis ( fin) are reasonably higher than the conventional 
surfactants (Li") supporting the non-ideality of the mixed micelles and the 
presence of synergistic interaction between the component surfactants. 
RST is mostly used rather other models due to its simplified approach. 
However, in some cases, it is considered irrelevant when the hydrocarbon chain 
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length and ionic strength variations are taken into account for the determination 
of interaction coefficients. Another suitable model i.e., Motomura's approach 
[37], is then used to evaluate the micellar composition and physicochemical 
parameters. It is applicable to any kind of surfactant mixtures and is 
independent of counterions of the amphilphiles. Accordingly, mixed micelles 
are considered as macroscopic bulk phase and the related energetic parameters 
of such systems can be evaluated in terms of excess thermodynamic quantities. 
The micellar composition was determined by the relationship 
al  	 (3.6) 
v i..v 
V ic V 2 .al + v 2 d .,a2 
where cmc = (v,a, + v,a2 )cmc 	 (3.7) 
v,a, and a, = 	( 1=1,2) 	 (3.8) 
vlal + v2a2 
 
In the above equation, X;" = micellar mole fraction of n-E2-n, a, = bulk mole 
fraction, v, = number of ions dissociated by the 	component and S = 
Kronecker delta. S = 1 for identical counterions and 5 = 0 for different 
counterions. In the present case, Eq. 3.6 is modified as: 
(i) For gemini-anionic mixture: v,= via + vic = (2+1) = 3, v2= v2b+ v2d-' (1+1) = 2 
1 	 1  3a, 2 - 2a  j acme ) 
X = 
f 	3a, 	(a, +2)cmc a, +2J\ a, +2 	act, 
a + 12 1 	1  
2011 +3a2 
(ii) For gemini-cationic mixture (with the same counterion): 
1/1= via+vi,' (2+0' 3, v,=  v2b+v2d= (1±1)' 2  
(3.9) 
- - 
X;" 
- (aia 2 /CMC)(aCMCiaa I )TP 
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3a,  12 -2a, aCMC  
A 	
) 
v.moto = 1 3a, ) (a, +2)cmc(a, +2 a, +2 	aa, 
I a, + 2 	
1  
1 1 - 	- 
2a, +3a2 
(3.10) 
(iii) For gemini-nonionic mixture: vi =  via 4- vic =  (2+1) = 3, v2  = v2b+v2d =  
(1+0) = 1 
X " 3a, 1 	3a, a2 
3a, + a2 
 ) 
(3a1 +a2 )cmc 	3a, + a2 (3a, + a2 
acme) 
aa, 
(3.11) 
The mole fraction of surfactants in ideal state was calculated using Eq. (3.12) 
al cmc, (3.12) 
(al cmc2 +a2cmc,) 
We see that the X7 X7 and 	values (Tables 3.1-3.3) for mixed systems 
increase with the increase of al . X7 is greater than al for all the systems. Even 
at lower ab contribution of n-E2-n in mixed micellization is higher than that of 
single chain surfactants. This is because of the presence of two hydrophobic 
chains which try to accommodate in the mixed micelles at the same time. 
In addition to the electrostatic interactions between the head groups, 
steric repulsions due to different hydrophobic chain lengths of the surfactants 
can also be taken into account to justify our explanations. According to Maeda 
[38] and Aguiar and Ruiz [39], the hydrophobic chain—chain and hydrophilic 
head group-head group interactions of the surfactant components are found in 
the mixed micelles. Maeda has proposed hydrocarbon chain—chain interaction 
in mixed systems of two amphiphiles including one ionic and one nonionic 
surfactant. This model assumes that in the micellar phase the decrease in head 
group repulsion for the ionic surfactants in an ionic+nonionic mixed surfactant 
system is due to the presence of nonionic surfactant molecules. It is a new 
approach for the determination of the standard free energy change during 
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micellization ( 6,G°„4„,a ) as a function of ionic mole fraction ( X7' ) in the mixed 
micelles 
blarJa RTIB0 + B,X ;11 Bz (X :" )21 	 (3.13) 
where Bo is related to cmc of nonionic surfactants as 
Bo = Incmc2 	 (3.14) 
(cmc2 is the concentration of the nonionic surfactant in the mixed micelles). 
B2 is a parameter related to the standard Gibbs energy change due to 
exchange of a nonionic surfactant in the nonionic pure micelle with an ionic 
species 
Bi + B2 = in(CMC 
cmc2 
(3.15) 
where B2 = —fin' (the interaction parameter fin in negative sign evaluated from 
regular solution theory). A higher value of B1 (a parameter related to AG;,„, 
indicates more chain-chain interaction and higher stability of the mixed 
micelles. The values of B1 for 12-E2-12 + Brij 58, —2.58, —2.23, —2.66, —3.56; 
12-E2-12+ TX-100, —10.30, —9.69, —9.34, —9.98; 14-E2-14+Brij 58, —2.77, 
—3.62, —3.28, —4.28; 14-E2-14+TX-100, —9.46, —11.20, —11.85, —12.20; 
16-E2-16+Brij 58, —3.84, — 2.44, —2.89, —4.97 and 16-E2-16+TX-100, — 8.54, 
—9.30, —10.72, —15.4. AG;,„,,,„, calculated from Eq. (3.14), are recorded in 
Tables 3.8-3.10. The values are negative and vary between 15.93-16.75 kJmol 
I , the lowest value was obtained for the 12-E2-12+nonionic systems. 
Counterion Binding 
The conductivity data of the pure and mixed surfactant systems were 
used for the determination of the fraction of counter ions (g,) bound to the 
micelles. The counterions, the main contributing parts for the conductivity of 
the solutions due to their ionic mobility, bind just adjacent to the surface of the 
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micelles, i.e., to the Stern layer. Below cmc the concentration of the 
counterions increases with the surfactant concentration and thus the 
conductivity increases whereas above cmc the dissociation decreases thereby 
reducing the concentration of counterions and thus the conductivity of the 
solution. The degree of counterion dissociation was determined by taking the 
ratio of post-micellar slope (S2 ) and pre-micellar slope (5,) [361. The ratio of S2 
to S, is considered as the fraction of counter ions dissociated from the micelles 
(a). gi is calculated by subtracting counterion dissociation from unity gi (1- 
S21.51 ). For 12-E2-12+CPC and 16-E2-16+CTAC/CPC systems gl increases 
with increasing al (except at 0.8). However, for 12-E2-12+DTAC, no trend in 
g, value was observed. In 14-E2-14+CPC system, the gi value increases with 
the increase of a 14-E2-14-  For 16-E2-16+SDS system, the gi value increases with 
the increase of the mole fraction of gemini (except at 0.5) whereas no trend in 
g, value was found for any of the gemini-anionic surfactant systems. Higher gi 
values were observed at lower mole fractions of the gemini in the gemini-
nonionic systems (Table 3.1-3.3). 
Surfactant-Surfactant Interaction in Mixed Monolayer Systems  
Before the formation of mixed micelles, mixed monolayer is formed at 
the air/water interface by adsorption of surfactants on it. The interfacial 
compositions ( X7) and interaction parameters ( fia ) between two surfactant 
molecules in the mixed monolayer were determined (Tables 3.4-3.6) using 
Rosen's approach [40]. For an ideal mixed monolayer fl is zero. It is negative 
for synergistic interactions and positive for antagonistic interactions. This can 
be obtained from the surface tension isotherms of aqueous solutions of the 
individual surfactants and their mixtures. Rosen's Eq. (3.16) (analogous to 
Rubingh's equation) is used to explain the formation of mixed monolayer of 
surfactant molecules 
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)21n(C„«,/C I XT ).1  
(1 - X )21n1C,20 - ad/C2(1 - X7).1 
(3.16) 
X7 indicates the mole fraction of n-E2-n in the mixed monolayer. C1 , C2 and 
C12 are the concentrations of gemini, conventional surfactants and the binary 
surfactant, respectively, in the mixed monolayer. 
For all the gemini-conventional systems, X; values are lower than the 
X;" (Tables 3.4-3.6) suggesting that the mixed monolayer possesses less 
gemini surfactant molecules than in the mixed micelles. For 16-E2- 
16+CPC/CTAC, X7> X7 indicating higher contribution of gemini surfactant 
molecules on mixed monolayer, which is supported by the "values. In case of 
12-E2-12+DTAC and 14-E2-14+ TTAC, Eq. (3.16) becomes non-convergent 
for all the mole fractions (Tables 3.4-3.6). For n-E2-n+TX-100, contribution of 
X; towards mixed monolayer is not observed i.e., Eq. (3.16) becomes non-
convergent probably due to the presence of bulky polyoxyethylene group 
whereas with Brij 58 it is again lower than X',". 
At air/water interface, interaction between the surfactants can be 
explained by Eq. (3.17) 
13° = [In (C 12 a, /C,X/')]/0 — Xi" )2 	 (3.17) 
where r is the interaction parameter of the surfactant in the mixed monolayer. 
With the use of Rosen's approach, lower mole fraction of gemini (compared to 
bulk mole fraction) is incorporated into the mixed monolayer, depicting its 
greater micellization tendency. As can be seen from Table 3.5-3.7, negative fl° 
values (similar tor ) show attractive interaction between the surfactant 
molecules at the interface. The negative fin values, in case of gemini-CPC, 
indicate an overall attractive interaction between the two surfactants. The van 
der Waals interaction between the hydrophobic tails is the prevailing factor 
over electrostatic repulsion due to similar head group charges. Opposite trend 
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has been observed for n-E2-n+anionic systems. Lower )3., indicate less 
attractive interaction on mixed monolayer than the mixed micelles whereas 
higher /3°,, values of 16-E2-16+SDS/SDBS than the other mixed systems show 
higher synergism and more nonideality at air/water interface as there is 
electrostatic interaction of oppositely charged head groups in the mixed 
monolayer. Among all the gemini-conventional mixed surfactant systems, 12- 
E2-12+Brij 58 combination shows superior absolute values of /3:, than the 
values (Table 3.4) indicating higher interactions between the surfactants in the 
mixed monolayer than in mixed micelles. Due to reduction of electrostatic 
repulsion of the ionic groups is more effective at the planar air/aqueous 
solution interface than at the convex micelle surface [40,41]. For n-E2-n+TX-
100 mixtures, antagonism was observed at the monolayer due to the presence 
of the bulky phenyl group that may hinder the packing of the hydrophilic 
groups at the interface whereas in the mixed micelles the interaction is 
synergistic. 
The activity coefficients at mixed monolayer ( f") can be correlated to 
fl° and X; as 
= exp{ /3' (1 — X7)2 } 
	
(3.18) 
f20 = exP{ 	)2 ) 
	
(3.19) 
fic and f: values are less than unity showing the nonideal behavior on mixed 
monolayer systems except for gemini-TX-100. 
Surface and interfacial Properties 
The maximum surface excess or surface saturation (r,„„) and minimum 
area per surfactant head group adsorbed at the interface (A„,,„) are effective 
measures of the extent of adsorption of various components at the interface. In 
the submicellar region, 1",„„, and Amin can be calculated from the surface tension 
data by fitting the Gibbs adsorption isotherm [42] 
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1 	ay 	2) rmar= 	 (molm- 2.303nRT(a log C 
(3.20) 
and 
10" A., = n IN/4 Fn., 
(A2) 
 (3.21) 
here n represents the number of ionic species whose concentrations at the 
interface vary with [surfactant] in solution, C is the concentration of the 
surfactant, dy/dlogC is the slope of the y versus log C plot, NA the Avogadro's 
number, R and T have their usual significance. For pure conventional nonionic, 
cationic/anionic and gemini n values are 1, 2 and 3, respectively. For gemini-
nonionic and gemini-cationic/anionic mixed micelles the n values are 4 and 5, 
respectively. 
Evidently A,,,,,, decreases when rmax increases (Table 3.4). For pure 
surfactants the order of A,,,,,, is: 12-E2-12 > 14-E2-14 > 16-E2-16 > SDBS > 
CPC 	> CTAC > SDS > TX-100 > Brij 58. Amin of n-E2-n is highest among 
all the studied surfactants. The hydrophilicity of the spacer may be the reason 
for higher value of Amm  for n-E2-n as compared to the corresponding m-s-m 
type 	cationic 	gemini 	surfactant 	(i.e., 	alkanediyl-ocm-bis 
(dimethylhexadecylammonium bromide) [43,44]. Lower values of A„,,„ for the 
nonionic surfactants Brij 58 and TX-100 is due to the negligible head-head 
interaction and the molecules are more tightly packed at the interface than the 
other surfactants. In case of gemini-Brij 58 mixed system, T',„ax increases and 
thus A,,,,,, decreases with the increase of a l . The Am,„ values of gemini-SDS 
system are higher than the gemini-SDBS suggesting formation of more closely 
packed mixed micelles with SDS (only the mixture for al = 0.6 is an 
exception). For all the mole fractions, /-',„„, values of the gemini+Brij 58 
systems are lower (and A,,,,,, values are higher) as compared to the gemini+TX- 
100 system but no trend is observed for Tn., (or Am„,) values of gemini+ 
CTAC/CPC. 
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pC20 (i.e., — log C2 ) measures the "efficiency" of a surfactant in aqueous 
solution. C20, the surfactant concentration required to reduce y by an arbitrary 
20 mNnil , also reflects the maximum tendency of a surfactant to adsorb at the 
interface [42]. The values of pC20 for all the surfactant systems are given in 
Tables 3.4-3.6. 
Thermodynamics of Micellization and Interfacial Adsorption Phenomenon  
Several types of forces such as electrostatic, covalent, hydrophobic and 
hydrogen bonding of various species are involved in the adsorption of 
surfactants at interfaces. The influence of such forces on the adsorption 
behavior is reviewed here from a thermodynamics point of view. 
The excess free energy of micellization, AG:, can be calculated using 
X1"' and f,"' by the following equation 
AG: = RT IX I' lnf + (1 — X In )1nfr 	 (3.23) 
where R and T are the gas constant and absolute temperature. The negative 
values of AG: (Tables 3.7-3.9) suggest that the mixed micelles are stable. 
Higher negative AG: values indicate that the micellization process is more 
spontaneous. It is also evident by the higher negative value of interaction 
parameters (/3"' ). 
The Gibbs free energy of micellization 
AG:, = RT XI= 	 (3.24) 
measures the tendency of the surfactant to form micelles ( X,„„.  indicates cmc of 
the mixture in form of mole fraction). The values are found to be negative for 
all the systems (Tables 3.7-3.9). For all the mole fractions of n-E2-n, the 
values of AG,„' (Tables 3.8-3.10) are negative which again support the 
occurrence of the mixed micellization process. 
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The standard free energy of adsorption at the interface (w r,) can be 
correlated to AG`:, by Eq. (3.25) [45] 
= AG:, 7r,„„ 
‘5 rA,WC  
(3.25) 
Higher values of AG1„, than AG`,„' were obtained for all the systems. This 
implies that the process of adsorption at the surface is more favorable than the 
micelle formation (Tables 3.7-3.9). 
G„„„ is the work required to transfer the surfactant molecules from bulk 
phase to the interface of the surfactant solution 
Gmin Ycmc Am. NA 	 (3.26) 
where 	Yw Yamc is the surface pressure at cmc, yw is the surface tension of 
water, yc„,c is the surface tension of the surfactant solution at cmc [461 G,„„, not 
only contains contribution of Abut also of ycnic which affects mixed 
monolayer formation, and hence synergism. 
The low values of G,,,,,, for gemini/gemini-conventional mixtures 
indicate that a thermodynamically stable surface is formed with synergistic 
interactions in accordance with their interaction parameters. 
In addition to the electrostatic interactions between the head groups, 
steric repulsions, AG;iae,,„, calculated from Eq. (3.13), are recorded in Tables 
3.7-3.9. 
Conclusion 
I. The cationic biodegradable gemini surfactants having ester bonded spacer, 
ethane-1,2-diy1 bis(N,N-dimethyl-N-alkylammoniumacetoxy) dichloride, 
(n-E2-n; n = 12,14,16) have been chosen for the systematic investigation of 
mixed micellization with cationic, anionic and nonionic monomeric 
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surfactants. The physico-chemical properties of pure and binary mixtures 
have been studied by conductivity and surface tension measurements. 
2. Various physico-chemical properties at the air/water interface such as cmc, 
rma.„ Ani,„, etc. as well as within the micelles were determined by using 
theoretical models suggested by Clint. Rubingh, Motomura and Maeda. All 
the mixed surfactant solutions show nonideality in the mixed micelles 
indicated by the intermediate values depending on the micellar 
compositions and their X 7. 13'" , X id', X;' , AG:„ AG:, , AG; !cede, values. 
3. The order of synergism of mixed surfactant systems as follows: 
geminis–anionic > geminis–cationic > gemini–nonionic. Here, the 
synergism is highest for the gemini-SDS mixed surfactant systems—the 
results are better than systems involving conventional–conventional 
mixtures. 
4. The cmc values of the geminis are significantly less than their 
corresponding monomeric counterparts (C„TAC) and are the key factors 
which favor the lower consumption of cationic gemini surfactants. 
Although n-E2-n can be regarded as the dimer of C„TAC, its binary 
mixtures with C„TAC deviate most from ideal behavior. This indicates that 
in the mixed micelles, the head groups of C„TAC are likely to be much 
farther apart from each other than those in n-E2-n. Motional freedom of the 
cationic head groups in a dimeric surfactant are greatly reduced compared 
with that of the head group in a monomeric surfactant and the micellar 
behavior seems to be profoundly affected by this change. With the cationic 
cleavable gemini used in this study. the potential risk of an adverse 
environmental effect of surfactants can be reduced. 
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table 3.1: Various physico-chemical parameters for 12•E2•12+conventional surfactant mixtures at 30 °C. 
al 	l'anc ); 	once," 	x 
(mM) 	(mM) 
v dui 
A lm RI 4 
12-E2.12+CPC 
0.0 0.8730 0.53 
0.2 0.0045 0.0080 0.7763 0.9923 -6.55 0,7204 0.0192 0.36 0.4056 
0.4 0.0037 0.0040 0.9336 0.9971 -3.69 0.9838 0,0399 0.52 0.6680 
0.5 0.0025 0.0032 0.8625 0.9980 -6.10 0.8910 0.0106 0.53 0,8539 
0.6 0.0022 0.0027 0.8886 0.9987 -5.89 0.9294 0.0095 0,72 0.9676 
0.8 0,0017 0,0020 0.9082 0.9995 -6.57 0.9461 0.0044 0.61 • 
1.0 0.0016 0.58 
12•E2•12+DTAC 
0.0 21.300 0.30 
0.2 0.0059 0.0081 0.8608 0,9997 -8.70 0,8447 0,0016 0.42 0.3408 
0.4 0,0031 0.0040 0.8763 0,9998 -9.47 0.8650 0.0007 0.91 0,6357 
0.5 0.0027 0.0032 0.9021 0.9999 -9.05 0.9169 0.0006 0.37 0.7572 
0.6 0.0022 0.0027 0.9004 0.9999 -9.61 09090 0,0004 0.31 0.8775 
0.8 0.0019 0,0020 0,9496 0.9999 -189 0.9776 0.0003 0.37 • 
12-E2.12+SDS 
0.0 8.0200 0.66 
0.2 0.0033 0.0081 0.7636 0.9991 -I130 0.5319 0.0014 0.73 0.4097 
0.4 0.0017 0.0040 0.7764 0.9996 -1242 0.5374 0,11006 0.86 0.8081 
0.5 0.0015 0.0032 0.7948 0.9997 -12.13 0.5999 0.0004 0.76 0.9116 
0.6 0.0015 0.0027 0.8217 0.9998 -11.49 0.6941 0.0004 0.81 0.9583 
0.8 0.0013 0.0020 0.8469 0,9999 -11.82 0.7580 0.0002 0.66 
Conti . 
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12-E2.12+SDBS 
0.0 2.7600 0.63 
02 0.0041 0.0081 0.7781 0.9916 -8.63 	0.6536 	0.0054 0.44 	0.4660 
04 0.0026 0.0040 0.8228 0.9991 -8.52 	0.7652 	0.0031 0.45 	0.8676 
U.S 0.0021 0,0032 01282 0.9994 -8.95 	0.7431 	0.0011 0.85 
0.6 0.0019 0,0021 0.8494 0.9996 -8,16 	01197 	0.0018 0.36 
0.8 0.0013 0.0020 0.8430 0.9998 -11143 	0.7732 	0.0006 0.60 	• 
1112.12+Brij-93 
0.0 0.0046 
02 0.0022 0.0034 0.4536 0.4146 -1.70 	0.6014 	0 1044 0 18 	0.4288 
04 0.0016 0.0027 0.5780 0,6538 -2.06 	0.6920 	0.5013 0 12 	0.6668 
0,5 0.0019 0.0024 0,6642 03395 -1.12 	0.8828 	0 6143 0.63 	0.1501 
0.6 0.0013 0.0022 0.6586 0.8095 -2.49 	0.7419 	0.3393 0.55 	0 8182 
0.8 0 0011 0.0019 0.1252 0 9189 -3.23 	0 7830 	0 1821 0.32 	0 9231 
1212.12+1/.100 
0.0 0.1800 
0.2 0.0036 0.0078 0.7112 0.9652 -5.73 	0.6191 	0.0549 0.68 	0,4289 
0.4 0,0026 0.0040 0.7908 0.9866 -5,11 	0.1993 	0,0407 0.61 	0.6669 
0.5 0.0022 0.0032 0.8089 0.9900 -519 	0.8241 	0.0312 0.65 	0.7501 
0.6 0.0021 0.0027 0.8543 0.9940 -4.87 	0.9017 	0.0285 0.62 	0.8184 
0.8 0.0017 0 0020 0.8803 0.9971 -539 	0.9256 	0.0153 0.82 	0.9232 
"Average of the values obtained by conductivity and surface tension measurements. 
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Table 3,2: Various physicochemical parameters for 14-E2-14+cons entional surfactant mixtures at 30 °C. 
o l 	undone!: cencided 	 x; 	po 	p 	gi 
OM) onM) 
0.0 0.8370 
14-E2-14+CPC 
0.53 
0.2 0.0030 0.0068 0.7463 0.9935 -8.03 0,5969 0.0114 0.61 0.3830 
0.4 10019 0.0034 117943 0.9975 -7.94 0.7146 0.0067 0.70 0.6799 
0.5 0.0021 0.0028 0.8596 0.9983 -6.42 0.8810 0,0086 0.73 0.7704 
0.6 0.0017 0.0023 0.8615 0.9989 -6.92 0.8757 0.0059 0.75 0.8919 
0.8 0.0010 0.0017 0.8243 0.9995 -9.66 0.7422 0.0014 0.89 
1.0 0.0014 0.64 
14-E2-14+MC 
0.0 4.1000 0.64 
0.2 0.0059 0.0068 0.9356 0.9988 -5.44 0.9552 0.0111 0.38 0A427 
0.4 0.0028 0.0034 0.8981 0.9995 -6.98 0.9300 0.0036 0.47 0.8668 
0.5 0.0024 0.0027 0.9279 0.9998 -6.50 0.9667 0.0037 0.26 0.8590 
0.6 0.0019 0.0023 0.9063 0.9998 -7.70 0.9346 0.0018 0.47 
0.8 0.0013 0.0017 0.8805 0.9999 	-9.87 0.8685 -
14-E2-14+SDS 
0.0005 0.20 
0.0 8.0200 0.66 
0.2 0.0047 0.0068 0.9511 0.9993 -8.11 0.9886 0.0132 0.74 0.5205 
0,4 0.0025 0.0034 0.9859 0.9997 -8.81 0.9991 0.0166 0.74 
0.5 0.0018 0.0027 0.8396 0,9998 -10,34 0.7662 0.0006 0.77 
0.6 0.0011 0.0023 0.8033 0.9998 -12.76 0.6131 0.0002 0.82 
0.8 0.0011 0.0017 0.8737 0.9999 -10.89 0.8404 0.0002 0.72 
Contd.... 
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14-E2.14+SDBS 
0.0 2.7600 0.63 
0,2 0.0038 0,0068 0.7959 0.9980 -8.23 0.7095 0.0054 0.77 0.4370 
0.4 0.0022 0.0034 0.8295 0.9992 -8.54 0.7800 0.0028 0.45 0.8314 
0.5 0.0016 0.0027 0.8182 0.9995 -9.60 0.7279 0,0016 038 • 
0.6 0.0020 0.0023 0.9269 0.9996 -6.43 0.9662 0,0040 0,63 
0.8 0.0012 0.0017 0.8668 0.9998 -9.73 0.8415 0.0007 0.68 • 
14-E2-14+11rij 58 
0.0 0.0046 
0.2 0.0025 0.0031 0.4714 0,4576 -0.96 0.7643 0.8075 0,61 0.4288 
0,4 0.0013 0,0024 05857 0.6923 -2.71 0.6277 03943 0.15 0.6668 
0.5 0.0013 0.0021 0.6355 0.7718 -2.43 0.7231 0,3733 0.25 0.7501 
0.6 0.0012 0.0019 0.6824 0.8350 -2.35 0.7887 0.3343 0.39 0.8183 
0.8 0.0010 0.0016 0.7421 0.9310 -3.19 0.8085 0.1720 0,63 0.9231 
1442-144X-100 
0.0 0.1800 
02 0.0032 0,0066 0,7250 0.9706 -5.63 0.6531 0.0518 0.47 0.4293 
0.4 0.0018 0.0034 0,7603 0.9888 -6.39 0.6924 0,0248 0.57 0.6673 
0.5 0.0015 0.0027 0.7683 0.9916 -6.68 0.6969 0.0173 030 0.7505 
0,6 0.0014 0.0023 0.8004 0.9949 -6.50 0.7717 0.0155 0.38 0,8186 
0.8 0011 0.0017 0.8136 0.9981 -7.65 0.7664 0.0063 0.49 0.9233 
'Average of the values obtained by conductivity and surface tension measurements. 
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Table 33: Various plIsico.chemical parameters for 16-E2•16+conventional surfactant mixtures at 30 °C. 
a 	, 
111 	CIIICSIIIC!: Medd x 	rid 	pri 	 f:  
(mm) (mM) 
OM 0.8370 
16-E2-16+CPC 
0.2 0.0029 0.0069 0.7425 0,9934 -8.17 0.5816 0.0110 0.54 0.3655 
0.4 0.0026 0.0034 0.8224 0.9975 -6.93 0.8036 0.0092 0.66 0.6076 
0.5 0.0015 0.0028 0.7899 0,9983 -8.92 0.6742 0.0038 0.65 0.7898 
0.6 0.0022 0.0023 0,8053 0.9989 -8.83 0.7156 0.0033 0.71 0.8186 
0.S 0.0013 0.0017 0.8092 0.9995 -10.28 0.6877 0.0012 0.67 
1.0 0.0014 0.87 
1612-16+CTAC 
0.0 1.2300 0.27 
0.2 0.0030 0.0069 0.6968 0.9955 -11.63 0.3432 0.0035 0.63 0.4297 
0,4 0.0023 0.0034 0.7954 0.9983 -8.53 0.6996 0,0045 0,70 0.7132 
0.5 0.0015 0.0028 0.8155 0.9988 -9.31 0,6714 0.0028 0.67 0.9344 
0.6 0.0013 0.0023 0.8297 0.9992 -8.53 0.7808 0.0028 0.82 
0.8 0.0009 0.0017 0.8445 0.9997 -9A2 0.7963 0.0012 0A3 
16-E2•16+SDS 
0.0 8.0200 
0.2 0.0049 0.0069 0.8483 0.9993 -8.00 0.8320 0.0032 0.22 05319 
OA 0.0027 0.0035 0.8825 0.9997 -8,17 0.8933 0.0017 0.44 
0.5 0.0021 0.0028 0,8788 0.9998 -8.84 0.8781 0.0010 0.60 • 
0.6 0.0015 0.0023 0.8447 0.9998 -10.73 0.7720 0.0004 0.58 • 
0,8 0.0009 0.0017 0.8137 0.9999 -13,70 0.6219 0.0001 0.86 
Contd... 
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16.E2-16+SUBS 
0.0 2.7600 0.27 
02 0.0063 0.0069 0.9278 0.9980 -4.30 0.9778 0.0247 0.37 0.5175 
0.4 0.0018 0.0035 0.7928 0.9992 -10,00 0.6508 0.0019 0.70 
0.5 0.0021 0.0028 0.8742 0.9995 -7.58 0.8869 0.0030 0.22 
0.6 0.0017 0.0023 0.8685 0.9996 -8.32 0,8660 0.0016 0.40 
0.8 0.0011 0.0017 0.8323 0.9998 -11.12 0.7313 0.0005 0.79 
16-E2.16+Brij 58 
0.0 0.0046 
0.2 0.0017 0.0031 0.4799 0.4540 -2.57 0A983 0.5526 0.87 0.4288 
0.4 0.0019 0.0024 0.6328 0.6891 -0.95 0.8794 0.6828 0.85 0.6668 
(1.5 0.0017 0.0023 0.6856 0.7692 -114 0.8931 0.5841 0.58 0.7501 
0.6 0.0015 0.0019 0.7235 0,8330 -1.44 0,8954 0.4693 0.47 0.8183 
0,8 0.0012 0.0016 0.7700 0,9300 -2.56 0.8733 0.2191 0.75 0.9231 
16-E2.16411-100 
0.0 0.18 00 
0.2 0.0033 0,0067 0.7256 0,9702 -5.57 0.6571 0.0530 0.68 0.4295 
0.4 0.0024 0.0034 0.8204 0.9886 -4.60 0.8620 0.0452 0.85 0.6615 
0.5 0.0013 0.0027 0.7479 0.9923 -7.64 0.6152 0.0139 0.85 0.7507 
0.6 0.0013 0.0023 0.7893 0.9949 -6.84 0.7381 0.01411 0.62 0.8187 
0.8 0.0009 0.0017 0.7782 0.9980 -9.00 0.6421 0.00428 036 0.9233 
'Average of the values obtained b), conductivity and surface tension measurements. 
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Table 3.4: Interfacial composition (r, ), interaction parameter at interface 01, activity coefficients ( f° ), 
surface pressure at cmc (Ri, surface excess (1m, ) and minimum area per molecule (Amin ) 12-E2-12 with 
conventional surfactants at 30 °C. 
01212.12 r F fl° B 	 fr, 	 pC2o 
(mNni 1 ) (ma)) (A2) 
12-E2.12+CPC 
0.0 24.85 16.45 100.93 0.65 
0.2 0,6257 -13,14 0.1585 0.0058 	17.07 5.03 330.10 3.23 
0.4 0.6731 -11.77 0.2840 0.0048 	20.92 5.25 316.23 3.51 
0.5 0.7162 -9.89 0.4506 0.0062 	32.12 6.11 271.64 3.31 
0.6 0.6987 -12.18 03309 0.0026 	33.11 622 266.57 4.41 
0,8 0.7584 -10.54 0.5402 0.0023 	27.35 7.20 230.55 4.27 
1.0 2237 8.41 197.38 4.11 
1212.12+DTAC 
0.0 48.15 29.87 55,58 0A8 
0.2 • 9.91 3.06 541.75 2.14 
0.4 • . 10.93 5.99 276.84 3.80 
0.5 14.73 5.81 268.48 2.71 
0.6 • 1p 14.17 7.59 218.59 3.37 
0.8 3.57 10.67 155.56 3.52 
124,2.12+SDS 
0.0 40.99 26.39 62.90 1,69 
0.2 • . 14.93 4.95 335.27 2.91 
OA 0.6831 -4.33 0.6474 0.1326 	23.64 6.02 275.82 319 
0.5 0.7806 -2.65 0.8800 0.1984 	21.14 612 275.82 2.75 
0.6 0.6839 -630 0.5221 0.0477 	27.26 6.25 265.67 3.10 
0.8 0.7402 -6.45 0.6467 0.0290 	23.41 6.16 269.33 4.16 
Contd.... 
ISO 
12-E2.12+SDBS 
0.0 12.46 133.24 0.93 
0.2 19.64 10.53 157.56 2.39 
0.4 22.34 4.67 355.17 3.68 
0.5 0.7460 -6.58 0.6538 0.0256 	24.39 6.89 240.93 2.74 
0.6 0.7979 -5.62 0,7947 0.0278 	22.33 10.16 272.11 2.89 
0.8 0.7559 -8.94 0.5868 0.0060 	22.81 10.41 265.62 4.09 
1212.12+Brij 58 
0.0 29.73 32.10 51.72 2.88 
0.2 0.4810 -8.28 0.0673 02168 	29.05 412 393.48 4.50 
0.4 0.4934 -3.80 0.3284 0.4475 	30.23 5.11 324.87 5.20 
0.5 0.4958 -5.94 0,2205 0,2318 	31.59 7.08 234.36 3.48 
0.6 0.5055 -4.33 0.3787 0.3005 	25.53 8.48 195.81 4.18 
0.8 0.5216 -5.00 0,4380 0.1711 	21.81 6.98 237.68 3.97 
121242+13(.100 
0.0 39.20 27.14 61.15 132 
0.2 • . 16.61 3.05 543.81 3.17 
OA • . 16.25 3.77 440A8 3.16 
U.S • • 2131 4.20 394,44 2,48 
0.6 • 17.66 4.71 352.06 331 
0.8 . . 17.30 5.31 312.66 3.58 
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Table 3.5: Interfacial composition ( c), interaction parameter at interface ( in, activity coefficients (f: ), 
surface pressure at ow Oc), surface excess (r.) and minimum area per molecule (Au) of 14.E2-14 with 
conventional surfactants at 30 °C. 
aia.r.2.14 XI° 	II" fin tom, 	 4„,„ 
(elm) (mourn') (A2) 
pC10 
1412.14+CPC 
0.0 24.85 16.45 100,93 0.65 
0.2 0.7090 -7.12 03470 0.0278 21.38 5.86 283.30 3.63 
0.4 0.7462 -7.65 0.6106 0.0141 26.40 8.63 192.33 3.90 
0.5 . 19.33 6.11 330.03 2.66 
0.6 0.7580 -8.75 0,5988 0.0065 26.69 8.60 192.95 4.06 
0.8 • • 12.71 6,85 242.29 3A3 
1.0 20.40 8.83 188.04 3.94 
1442-14+TTAC 
0.0 • 29.73 22.42 74.05 0.75 
0.2 . 1329 4.60 360.65 2.68 
0.4 . . 15.28 5.00 332.15 4.09 
0.5 . . 11.97 4A8 370.19 2.13 
0.6 • 15.86 4,74 350.01 3.35 
0.8 • 16.66 4.84 370.19 336 
1412-14+SDS 
0.0 40.99 26.39 62.90 1.69 
0.2 0.6725 -2.09 0,7991 0.3884 33.31 10.31 161.02 3.49 
0,4 0.7234 -326 0,7789 0.1811 17 ,19 8.50 19530 2.75 
0,5 • • 20.78 NO 244.17 238 
0.6 . • 23.72 6.85 24238 2.67 
0.8 0.838 -3.81 0,9048 0.0689 20,99 5.97 277.78 3.95 
Contd.... 
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14-E2-14+SDBS 
40.42 12,46 133 24 0.93 
0.2 0.6951 -5.53 0.5980 0.0691 2927 15.00 110.66 3.61 
0.4 0.8826 -2.54 0,9655 0.1377 18,44 10.63 156.16 3.60 
0.5 • 23.68 13.93 119.18 2.16 
0.6 0.8647 -4,01 0.9292 0.0498 24.04 8.63 192.33 3.80 
0.8 20.84 SAO 197.62 3.77 
142.14+Brij 58 
0.0 29.73 32.10 51.72 2.88 
0.2 0A052 -5.19 0.1592 0A263 25.52 10.88 152.56 3.82 
0,4 0A685 -4.16 0.3088 0A014 22.68 9.61 172.63 3.80 
0.5 • . 25.47 717 213A6 3.27 
0.6 0.5366 -3.77 0.4443 0.3370 12.87 6.77 244.91 3.65 
0.8 0.6699 -2.05 0.7996 0.3981 9.95 4.94 335.68 3.55 
14-E2.14+TX-100 
0.0 38.50 27.14 61.16 1.72 
0.2 21.96 3.79 43823 3.69 
OA 15.86 3.89 426.88 3.45 
0.5 . • 11.97 4,84 370.19 2.69 
0.6 • • 11.94 4.09 405.32 3.06 
0.8 . • 14.33 4.65 357.18 337 
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Table 3.6: Interfacial composition ( Xn, interaction parameter at interface ( ), activity coefficients ( f,° 
surface pressure at cmc ( Ice ), surface excess (1,.) and minimum area per molecule (A,) of 16•E2•16 with 
conventional surfactants at 30 °C. 
a16-E-16 f ° 	126 A. 	pC20 
(mNni i ) (molln12 ) (A2 ) 
16-E2•16+CPC 
0.0 24.85 16.45 100,93 0.65 
0.2 0.9186 -4,30 0.9718 	0.0264 24.96 5.41 306,76 2.77 
0.4 0.8600 -7,32 0.8661 	0.0044 31.90 8.83 187.98 3.00 
0.5 • • 24.15 6.09 272.56 3.11 
0.6 0.9309 -6.06 0.9714 	0.0052 29.73 5,10 325.86 3.24 
0.8 • 27.20 4.32 31437 3.35 
1.0 • • 29.69 11.80 140.68 3.54 
16-E2.16+CTAC 
0.0 29.55 16.62 99.95 0.76 
0.2 0.7295 -9.40 0.5026 	0.0067 29.78 11.24 147.73 3.18 
0.4 0.8476 -6.57 0.8583 	0.0089 36.16 7.99 207.68 3.33 
0.5 • - 34.80 9.27 178.90 2.25 
0.6 0.8408 -7.97 0.8170 	0.0036 41.42 15.40 107.77 3.34 
0.8 0.8321 -936 0.7593 	0.0012 27.55 12.58 132.02 3/1 
16-E2.16+SDS 
0.0 40.99 26.39 62.90 1.69 
0.2 0.7478 -10.95 0,4980 	0.0021 38.34 9.92 167.34 2.89 
0.4 0.7707 -11.59 0,5434 	0.0010 41,05 9.04 183.61 3.05 
0.5 • 33.81 16.04 103.50 2.85 
0.6 0.7665 -13.35 0A827 	0.0004 41.01 10.80 153.62 3.27 
0.8 0.7554 -15,97 0.3845 	0.0001 42.81 11.55 143.72 3.54 
Contd.,.. 
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1612-16+SDBS 
0.0 40.42 12.46 133.24 0.93 
0.2 0.7198 -7.81 0.5416 0.0175 41.89 12.06 137.64 2.83 
0,4 0.7276 -9,61 0.4899 0.0062 39.54 17.38 95.52 3.06 
0.5 • • • 4U7 17.37 95.50 3.02 
0.6 0.7321 -11.12 0,4501 0,0026 41,48 8.52 194,83 3.50 
0.8 0.7586 -11.61 0.5081 0.0012 4141 15.44 107.50 3.43 
16•E2.16+Brij 58 
0.0 29,73 32.10 51.72 2.88 
0.2 0.4726 -2.72 0.4691 0.5446 29.20 4.35 381.10 3.75 
0.4 0.5853 -2.21 0.6834 0.4685 29.54 5.65 293.90 3.45 
0.5 . 31.53 7.54 22030 3.32 
0.6 0.6551 -2.87 0.7101 0,2909 32.99 8.08 20538 3.51 
0.8 0.763 -2.55 0.8661 042255 29.39 8.24 201.41 3.34 
16•E2-16+TX•100 
0.0 38,50 31.97 51.92 1.72 
0.2 - 29.22 8.02 207.17 2,76 
0.4 27.22 7.44 223.01 2.97 
0.5 31.40 11.65 142.50 131 
0.6 • • 30.97 12.30 135.00 2.19 
0.8 • 25.89 9.02 184.16 3,41 
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Table 3.7: Thermodynamic parameters (AG:, AG:, AG,,,,„ G,,,,,, and AG;fac,,,,) of 
12-E2-12+conventional surfactants at 30 °C. 
a14-E2-14 -AG: 
(k1mol-1) 
-AG: 	- AGL, 
(1(.1morl ) 	(kJmo1-1) 
G,,,,,, 
(kJmo(l ) 
0.0 
0.2 
0.4 
0.5 
0.6 
0.8 
1.0 
2.9 
0.6 
1.8 
1.5 
1.4 
12-E2-12+CPC 
	
28.4 	43.5 
41.1 75.1 
42.3 	82.1 
42.9 95.5 
42.9 	96.1 
44.5 82.5 
27.4 
102.4 
97.5 
64.4 
61.6 
61.3 
12-E2-12+DTAC 
0.0 20.6 	36.2 22.1 
0.2 2.6 40.2 72.5 198.0 
0.4 2.6 42.2 	57.7 85.0 
0.5 2.0 42.5 66.3 91.6 
0.6 2.2 43.3 	61.9 74.1 
0.8 1.1 43.3 58.8 50.6 
12-E2-12+SDS 
0.0 22.3 	33.8 19.1 
0.2 5.1 41.9 72.1 114.7 
0.4 5.4 43.6 	82.9 79.2 
0.5 5.0 43.1 72.0 66.3 
0.6 4.2 43.9 	87.5 67.8 
0.8 3.9 44.3 82.3 74.5 
12-E2-12+SDBS 
0.0 24.9 	57.4 22.5 
0.2 3.8 41.3 59.9 48.7 
0.4 3.1 42.1 	89.9 103.7 
0.5 3.2 43.5 78.9 67.3 
0.6 2.8 43.7 	80.3 77.8 
0.8 3.5 44.4 80.9 73.4 
12-E2-12+Brij 58 
0.0 41.1 	50.4 12.2 
0.2 1.1 42.8 111.7 92.8 15.7 
Contd.... 
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0.4 1.3 43.2 102.3 79.4 15.8 
0.5 1.1 43.3 87.9 55.3 15.9 
0.6 I.4 43.7 73.9 53.4 16.2 
0.8 1.6 44.2 75.5 69.8 16.7 
12-E2-12+TX-100 
0.0 32.1 46.6 11.0 
0.2 3.0 41.7 96.1 168.6 15.7 
0.4 2.1 42.6 85.7 143.5 15.8 
0.5 2.1 42.8 93.4 117.6 16.0 
0.6 1.5 42.5 79.9 108.3 16.0 
0.8 1.4 45.9 78.4 99.8 16.2 
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Table 3.8: Thermodynamic parameters (AG::, AG:, , AG;,1„ G„,,„ and AG;/a„,,„ ) of 
14-E2-14+conventional surfactants at 30 °C. 
a14-E2-14 -AG: 
(Limon 
- AG ,;, 	- AG/1., 
(kJmor l ) 	(lame) (kJmorl ) 
0.0 
0.2 
0.4 
0.5 
0.6 
0.8 
1.0 
3.8 
3.3 
2.0 
2. 1 
3.5 
14-E2-14+CPC 
	
28.4 	48.8 
42.2 78.6 
43.2 	73.8 
43.1 81.5 
43.7 	74.7 
44.4 62.9 
44.1 	67.2 
37.0 
82.3 
50.4 
100.0 
50.4 
84.0 
55.6 
14-E2-14+TTAC 
0.0 24.0 	25.7 14.5 
0.2 1.7 40.2 69.1 123.8 
0.4 1.6 42.0 	72.6 109.4 
0.5 1.1 42.6 	69.3 129.3 
0.6 1.6 43.3 76.7 114.9 
0.8 2.6 44.4 	81.6 119.5 
14-E2-14+SDS 
0.0 22.3 	46.8 11.4 
0.2 2.7 40.3 72.6 35.8 
0.4 2.6 41.9 	73.9 49.6 
0.5 3.5 43.4 71.5 67.0 
0.6 5.1 44.7 	793 68.1 
0.8 3.9 44.4 79.5 82.1 
14-E2-14+SOBS 
0.0 24.9 	57.4 22.5 
0.2 3.4 41.5 61.0 27.1 
0.4 3.0 42.8 	60.2 47.8 
0.5 3.6 43.3 60.3 33.7 
0.6 1.1 43.0 	70.9 53.6 
0.8 2.8 43.8 68.6 58.9 
14-E2-14+Brij 58 
0.0 41.1 	50.4 12.2 
0.2 0.6 43.1 66.5 41.4 15.6 
Contd.... 
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0.4 1.7 44.2 67.8 49.9 17.0 
0.5 1.4 44.6 77.3 57.7 16.9 
0.6 1.3 44.3 63.3 84.6 16.9 
0.8 1.5 44.9 65.0 121.1 17.3 
14-E2-14+TX-100 
0.0 32.1 46.6 11.03 
0.2 2.8 41.5 99.5 182.0 16.0 
OA 2.9 43.5 84.3 152.8 16.6 
0.5 3.0 43.6 91.0 127.0 16.7 
0.6 2.6 44.3 80.8 135.3 16.8 
0.8 2.9 44.7 75.5 119.3 17.2 
159 
Table 3.9; Thermodynamic parameters ( 	, SC,:„ AG:,„„ G 	and ACAlirda ) 
of 16-E2-16+conventional surfactants at 30 'C. 
a liS.E.2.16 -AG2., 
(kJmolii) 
- AG: 	- AGieco 
(lame lil ) 	(Limon 
Gram 
(klmori) 
- Agmn,i4, 
0.0 
0.2 
04 
0.5 
0.6 
0.8 
1.0 
3.9 
2.6 
3.7 
3.5 
4.0 
16-E2-16+CPC 
28.4 	 43.5 
413 87.8 
42.2 	 78.4 
442 74.9 
42.8 	101.2 
43.3 106.3 
43.9 	 69.0 
27.4 
81.3 
43.7 
54.6 
77.5 
97.3 
33.3 
16-E2-16+CT AC 
0.0 28.4 	 43.5 23.8 
0.2 6.2 42.6 69.1 36.1 
0.4 3.5 42.6 	 87.8 41.0 
0.5 3.8 442 81.7 37.9 
0.6 3.0 43.8 	 70.7 18.8 
0.8 3.1 44.7 66.6 34.7 
16-E2-16+SDS 
0.0 22.3 	 37.9 39.4 
0.2 2.6 40.0 80.3 31.7 
0.4 2.1 42.3 	 88.2 31.9 
0.5 2.4 43.0 77.4 36.9 
0.6 3.5 44.0 	 82.l 26.7 
U.S 5.2 44.9 820 23.4 
16-E2-16+SDES 
0.0 24.9 	 57.4 22.5  
0.2 0.7 40.1 74.9 22,4 
0.4 4.1 42.8 	 65.6 16.4 
0.5 2.1 42.7 67.7 15.3 
0.6 2.4 43.8 	 92.5 33.1 
0.8 3.9 44.6 71.5 19.3 
16-1412-16+Brij 58 
0.0 41.1 	 50.4 12.2 
0.2 2.6 43,5 110.6 90.6 16.7 
Contd.... 
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0.4 1.0 43.2 95.6 67.9 16.2 
0.5 0.6 43.6 85.4 50.8 16.4 
0.6 1.4 43.8 84.7 45.7 16.7 
0.8 2.6 44.9 80.6 47.2 17.2 
16-E2-16+TX-100 
0 31.8 43.9 9.9 
0.2 5.6 40.8 77.3 52.6 16.3 
0.4 4.6 42.4 79.0 59.1 16.3 
0.5 3.6 44.4 71.3 33.8 17.4 
0.6 6.8 43.6 68.8 32.0 17.1 
0.8 9.0 45.8 43.9 50.1 18.0 
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CHAPTERW 
Sol-unitization of PoCycyclic 
Aromatic ifyirocarbarms in 
Mixed iv:Icel.-1es of Gemini- 
Conventional Surfactants 
Introduction  
Polycyclic aromatic hydrocarbons (PAHs) are generally slightly water-
soluble and have low volatility and thus are difficult to extract and eliminate 
from the contaminated sites. ltemcdiation of these sites is of public interest 
because of the toxic, carcinogenic and mutagenic potential of PAlis. The 
addition of surfactant can increase the apparent solubility of the PAIls in the 
groundwater, which can make groundwater flushing of the contaminated region 
more efficient [It Surfactants are amphiphilic molecules, consisting of both 
hydrophilic polar head group and hydrophobic hydrocarbon chain, which 
decrease the surface as well as interfacial tension at the interface and form 
aggregates called micelles at a threshold concentration known as critical 
micelle concentration (cmc). Above the one, solubility of sparingly soluble 
hydrophobic organic compounds increases 1:2-4]. Micelles arc capable of 
dissolving the PAils in their hydrophobic core due to which the apparent 
aqueous solubility of PAlis increases. Surfactants have been known to play 
important role for the decontamination of the PAH-contaminated sites. 
Surfactant solutions can enhance the solubility of PAHs in water, and thus 
surfactant flushing is a promising approach for the remediation of PAH-
contaminated sites. Soil washing, the method for the removal of the toxic 
substances from the contaminated soil, is one of the potentially cost-effective 
methods for the detoxification of wastes and has been used extensively to 
remediate the PAH-contaminated sites. Nowadays, much of the environmental 
research on surfactants is concerned with the efficiency of surfactant 
.solubilization in soil washing 151. The feasibility of a surfactant-based 
remediation process depends on selecting surfactants for optimum efficiency 
(minimizing losses to sorption, precipitation and phase changes), 
environmental acceptability and to balance biological degradation. IF the 
concentration of the surfactant is increased above cmc, the number of micelles 
increases, thereby enhancing the contaminant solubility. Although the synthetic 
surfactants can be used to enhance the PAH solubility, during the use of 
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surfactants in commercial and industrial applications, the environment is 
affected considerably by the toxicity of these chemicals which can be avoided 
by using cleavable/biodegradable surfactants. Presently, the environmental 
impacts of chemical surfactants are of main concern during their use in both 
fundamental and applied sciences and thus the cleavable surfactants can be 
used in various remediation processes. 
Gemini surfactants have gained a lot of attention in recent years, 
especially the recent advances in the remediation techniques such as 
solubilization have opened the way for the dissolution of various organic 
compounds in micelles. Surfactant micelles can solubilize the water-insoluble 
compounds [6]; depending upon their polarity, the molecules are solubitized at 
the palisade layer or into the core of the micelles. A large body of literature 
exists on the equilibrium partitioning of various environmentally significant 
salutes, including PAHs, in the micellar solutions [7-11]. Solubilization of the 
PAl-is may be strongly influenced by the micellar characteristics of the 
surfactants employed. The efficiency of surfactant-enhanced remediation 
(SER) at the PAH-contaminated sites depends on the solubilization capability 
of surfactant micelles for different PAHs. The surfactant solution may enhance 
the solubility of PAHs, but at the same time it is accumulated on soil. To lower 
the accumulation of the toxic surfactants we can use a cleavable gemini for the 
surfactant-enhanced soluhilization of PAHs so that no additional pollutant 
threat is posed because of their amphiphili city due to the presence of the polar 
head groups joined to hydrophobic alkyl chain through a cleavable ester 
linkage. Tatsurni et al., have reported the cationic gemini surfactants with two 
quaternary ammonium groups in the polar head and two hydrolysable ester or 
amide groups in the lipophilic portions. Hydrophilic nature of spacer 
contributes higher water solubility that helps in hydrolysis and degradation 
processes [L2 171. The micelles formed by the biodegradable geminis can be 
very useful systems for the soluhilization of PM-Is in water as well as for the 
remediation of soil and water. 
Several interesting physico-chemical properties such as cmc, surface 
tension in the mixed micelles, consisting of the gemini and conventional 
surfactants, have been studied by several researchers. Mixed micelles formed 
by an environment-friendly cleavable gemini surfactant can be interesting 
because of the better performance of the gemini-conventional surfactant 
mixtures than the single surfactant solutions [18-28] and lesser toxicity caused 
by the used system. 
The specific objectives of the present study are to see how partitioning 
of PAHs is influenced by the micellar structure of the distinct monomeric 
surfactants (cationic, anionic and non-ionic surfactants), their equimolar 
mixtures with a cationic cleavable gemini surfactant, and to characterize the 
extent of solubilization of PAHs in the pure/mixed micelles. Previously have 
been effectively used the equimolar mixtures of dimeric surfactants with 
monomeric surfactants for the solubilization of PAHs in aqueous media 
[29-31]. It is worthwhile to examine the solubilization of the PAHs in the 
mixed micelles formed by ethane-1,2-diy1 bis(N,N-dimethyl-N-
alkylammoniumacetoxy)dichloride (n-E2-n) and monomeric surfactant of 
identical chain length (CnTAC, n = 12,14,16), and to compare the results with 
the n-E2-n mixtures of other monomeric cationic (CPC), anionic (SDS, SDBS) 
and nonionic (Brij 58, TX-100) surfactants. While investigating the mixed 
micellization of n-E2-n with conventional surfactants for different mole 
fractions, i.e., at 0.2, 0.4, 0.5, 0.6, 0.8, maximum synergism was noticed for the 
equimolar mixed surfactant systems. As the interaction is the highest for the 
mixed micelles of mole fraction 0.5, it was thought as the best possible 
combination to be considered for the solubilization study. Solubilization 
experiments were carried out to evaluate the PAH-solubility as a function of 
individual surfactant concentrations and also of n-E2-n concentration in 1:1 
binary mixtures. 
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Results and Discussion 
There are so many variables existing in the gemini surfactant molecules 
under consideration which influence their physico-chemical properties-alkyl 
hydrocarbon (hydrophobic) chain (tail), symmetric/asymmetric hydrocarbon 
tail and nature of polymcthylenc/polyoxyethylene (hydrophilic) chain of 
spacer. Roth the length of hydrophobic and hydrophilic group in the molecule 
will greatly affect the behavior of surfactants. The cmc values of the single and 
binary (:1) surfactant systems, as given in Tables 3.1-3.3, were determined 
experimentally from the surface tension and conductivity plots illustrated in 
Figs. 3.1-3.12. For the equimolar binary solutions, the interactions between the 
surfactant molecules (synergism or antagonism) can be explained by several 
parameters and equations which have been discussed in Chapter III. 
Micellar Solubilization  
When surfactants are added to the aqueous phase and make micelles, 
the interior of micelles acts as an organic pseudophasc into which hydrophobic 
compounds can be partitioned. This phenomenon is called solubilization. Thus, 
micellar solution has higher capacity to solubilize organic solutes than that of 
pure water. 
Solubilization Capacity of Different Single and Binary Surfactant  
Solutions towards PAHs  
The pure gemini (n-E2-n), conventional surfactants (CPC, DTAC, 
TTA.C, CTAC, SDS, SL)BS, Brij 58, TX-100) and their binary mixtures were 
used for the comparative study of the enhancement of solubilization of the 
PAHs. The plots of the apparent solubility of anthrarenelpyrene versus 
surfactant concentrations (Figs. 4.1-4.3) show remarkable enhancement of its 
solubility in all the single surfactant micelles and mixed micelles. Some 
important properties of the PAHs are shown in Table 4.1. The aqueous 
solubility of the PAHs increased linearly with the concentration of the 
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surfactant in excess of the cmc, both in the single and binary surfactant 
systems, due to the partitioning of PAHs in the micelles. Molar solubilization 
ratio (MSR) is the number of moles of the organic compound solubilized per 
mole of the surfactant present in the solution and can be obtained from the 
slope of the plot between the concentrations of solubilizate with that of the 
surfactant [32] 
MSR = (Sr-Scmc) / (CI—Cane) 
	 (4.1) 
where S, is the total apparent solubility of PAH in the single/binary surfactant 
solution at a particular total surfactant concentration C,. Sem,  is the apparent 
solubility of the PAH at cmc. Sanc can be taken as the water solubility (S) 
because of its small change up to cmc of surfactant. The term micelle-water 
partition coefficient (K,,,) describes the solubilization by the micellar phase and 
is given by K„,= X,,,/X„„ where X,,, and X„ represent the mole fractions of the 
organic solute in micellar and aqueous phases, respectively. X„, and X„ can be 
written in terms of MSR as X„, MSRI(1+MSR) and X, = FScrnc, 1 V,,,, V„, is the 
volume of water equal to 0.01807 Lmor l at 30 °C. K,, can be expressed by Eq. 
(4.2), [33] 
Km= MSR I {[Sc,,,c] V,„(1+ MSR)) 
	
(4.2) 
The order of solubilization is not same for both the PAHs; for 
anthracene it is Brij 58 > 12-E2-12 > 14-E2-14 > CTAC > TTAC > DTAC > 
TX-100 > CPC > 16-E2-16 > SDS > SDBS and for pyrene the order is Brij 58 
> 14-E2-14 > 16-E2-16 > CPC > CTAC > TTAC > 12-E2-12 > TX-100 > 
DTAC > SDS > SDBS. The difference in solubilization capacity of the 
single/binary systems could be attributable to the molecular structure of the 
surfactants. Amongst all the pure surfactant systems, Brij 58 has the maximum 
solubilization power which may be due to its larger micellar size helping higher 
solubilization in the micellar core [34]. Brij 58, with polyoxyethylene (POE) 
units in it, facilitates solubilization due to weak interaction of oxygen atoms of 
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POEs with z-electrons of anthracene or pyrene resulting more solubilization in 
the micellar core. Both the solutes have highestAISR and Km values for Brij 5a 
and least values for SDBS. SIDS and SUBS, being negatively charged 
surfactants, show least MSR and K,„ values due to repulsive interaction between 
the Tr-electrons of the solutes and the negative charge of the surfactant, in 
addition to their smaller micellar size. Depending upon the size of the solutes, 
the extent of soluhilization and micelle-water equilibrium partition coefficient 
of the PAHs increase with the size of the polar shell region rather than the size 
of the hydrophobic core of the micelles [34]. There may be two distinct 
environments for solubilization: (a) the hydrophobic core of a micelle, and (b) 
the hydrophilic outer shell. The solutes may be solubilized in either region 
depending on their molecular properties such as polarity. As SDS/SDBS has a 
shorter hydrophobic tail, it forms smaller micelles than the other surfactants. 
Larger arenes show low affinity to negatively charged head groups and hence 
the pyrene molecule can easily pass from the palisade layer to the inner core of 
the micelles. Again the hydrophilic part of SDBS occupies more space than 
SDS because of the benzene moiety. the lower values of MSR and K,„ in case 
of cationic surfactants than Brij 58 may be due to limited solubilization at 
micelle-water interface and micellar core. For pyrene the dicationic gemini (n-
E2-n) shows higher solubilization power than the corresponding conventional 
C„TAC of the same chain length due to more hydrophobic content of n-E2-n, 
but for anthracene this does not occur which may be due to its capability to be 
accommodated more in the palisade layer than in the micellar core as compared 
to pyrene. 
The higher MSR and K„, values of PAids in the mixed systems than 
the conventional surfactant solutions may be due to the larger effective 
solubilization area in the mixed micelles (Tables 4.2-4.7). The synergism is 
attributable to the reduced polarity of the mixed micelles which results the 
increase of MSR (or K„,). K,„ and cmc are the two important factors 
influencing the soluhilization capacity of the mixed surfactants. In mixed 
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surfactant systems with higher absolute p'" value (Tables 3.1-3.3), the 
micelle becomes densely packed and may decrease the solubilization 
capability, but the reduced cmc of mixed system increases the number of 
micelles, which enhances solubilization. The order of solubilization 
capacity is not same for both the solubilizates in the gemini-conventional 
equimolar mixtures; the order of solubilization for anthracene is 16-E2- 
16+SDS 16-E2-16+SDBS > 16-E2-16+Brij58 > 16-E2-16+CPC > 14-E2- 
14+SDS 12-E2-12+SDS > 14-E2-14+SDBS > 12-E2-12+SDBS > 14-E2- 
14+TTAC > 12-E2-12+DTAC > 16-E2-16+TX-100 > 16-E2-16+CTAC > 
14-E2-14+Brij 58 > 12-E2-12+Brij 58 > 14-E2- I 4+TX-100 > 12-E2- 
12+TX-100> 1 4-E2-14+CPC > 12-E2-12+CPC and that for pyrene is I 6-E2- 
16+Brij 58 > 16-E2-16+SDBS > 14-E2-14+Brij 58 > 16-E2-16+SDS > 16- 
E2-16+CPC > 14-E2-14+SDBS > 12-E2-12+Brij 58 > 14-E2-14+SDS > 16- 
E2-16+TX-100 > 14-E2-14+CPC > 16-E2-16+CTAC > 14-E2-14+TX-100 
> 1 2-E2-I2+SDS > 12-E2-12+SDBS > 12-E2-12+TX-100 > 
14-E2-14+TTAC > 12-E2-12+DTAC. There are different possible loci of 
solubilization such as on the surface of the micelles, between the 
hydrophilic head groups, i.e., the palisade layer and the inner core of the 
micelle, which affect the extent of solubilization of the organic solutes in 
the mixed micelle. The higher solubilization power of gemini+Brij 58 
surfactant mixtures for pyrene may be due to the fact that the gemini 
micelles with positive charge intercalate into the nonionic micelles 
generating larger dimension of mixed micelles in addition to the 
electrostatic interaction of it-electrons of PAH with mixed micelles at the 
micelle—water interface and micellar core. For 16-E2-16+SDS/SDBS 
system higher value of /3"1 and thus higher synergism causes the formation 
of closely packed micelles. At the same time due to the volume difference 
between the hydrophobic chain lengths of the two surfactants, it provides 
adequate space for the penetration of anthracene. Fused aromatic rings in 
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the linear arrangement are responsible for higher solubilization of 
anthracene than pyrene. In gemini-cationic systems, the electrostatic 
repulsion between the similarly charged head groups of surfactants results 
loosely packed mixed micelles. Looser packing of surfactant molecules in 
the mixed micelles may increase the solubilization of organics in the 
micellar phase due to larger micellar core area. In n-E2-n+CPC/CTAC 
systems, intermediate values of MSR were obtained for the PAHs. 
Although, there was micellar core solubilization of the PAHs, the 
solubilizate can also be adsorbed at the inner palisade layer due to the 
electrostatic interaction between the n-electron cloud of arenes and the 
positive charge of the surfactants. As compared to n-E2-n+C„TAC, higher 
solubilization by CPC was observed for pyrene due to the presence of 
aromatic ring which provide more hydrophobic environment than C„TAC. 
Amongst all the mixed cationic systems, 	16-E2-16+CPC provide more 
MSR value. 
Partitioning of P.I-Is in Micellar and Aqueous Phases  
The partition coefficient of anthracene/pyrene between the micelles and 
aqueous phase in the gemini-conventional mixed surfactant systems can be 
represented by Eq. (4.3), [35] 
117 K„, 1 2 = VlnK„,i+ (I- XI,InK„,2+B 	(I- X I') 	 (4.3) 
•v here Km12, K,„1, Km2 represent the micelle-water partition coefficients of PAH 
in mixed surfactant system, the gemini and conventional single surfactants, 
respectively. Xr values were calculated by using Eq. (3.2). B is an empirical 
parameter that incorporates both the surfactant-surfactant (as in Jr) and 
surfactant-solute interactions. When B = 0. mixing has no effect on the 
partitioning of a solute between the aqueous and micellar phases. B values are 
positive for all the binary surfactant mixtures except for pyrene solubilized in 
n-E2-n+CPC/DTAC/TTAC/CTAC where B < 1. The gemini—SDS binary 
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system yielded larger positive values of B. The stabilization of PAHs by 
gemini—Brij 58 surfactant mixture may be due to the slight positive charge on 
the surface of the mixed micelles which may additionally facilitate micelle-
water interface adsorption. Further understanding of the mixing effect of the 
gemini—conventional surfactants on solubilization of PAHs can be made on the 
basis of the deviation ratio (R) between the experimental MSR (MSR,,,p ) and the 
ideal A4S12 value (MSR,d„,), evaluated by R = MSR„pIMSRid,r, where IIISRidecil= 
E rMSR,a, (MSR, is the experimental MSR value of the solubilizate in the pure 
ith surfactant solution whose bulk mole fraction in the mixture is a). For n-E2- 
n+CTAC/TX-100 mixed systems there is a slight negative deviation of IfSRs 
from the ideal mixture (1? < 1). But for all the other binary systems R values are 
greater than unity implying positive deviation of MiSRs from ideal mixture. 
From the thermodynamic point of view, solubilization can be considered 
as normal partitioning of PAH between the two phases, mieellar and aqueous. 
The standard free energy of solubilization. AGs°, can be represented by the 
expression [36] 
AG! = —RT lnK , 	 (4.4) 
here R is the gas constant and T the absolute temperature. The A Gs° values thus 
calculated are presented in Tables 4,2-4.7. For all the systems, the AQs° values 
conic out to be negative. Among the pure surfactants the absolute AG.1) value is 
highest for Brij 58, whereas in mixed systems it is highest in 
vernini ■ SDSISDBS for anthracene, and in gemini+Brij 58 for pyrenc. The 
knowledge of the thermodynamic parameters controlling solubilization is 
helpful for better understanding of the mechanism involved in this process. 
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Conclusions 
1. Some cationic-cationic, cationic-anionic and cationic-nonionic gemini-
conventional mixed surfactant systems were chosen for the investigation 
of their behavior in micellization, thermodynamics and solubilization 
properties in pure and binary mixtures. 
2. The cleavable cationic geminis used in this study have lower cmc as 
compared to the conventional surfactants as well as the cationic geminis 
of m-s-m type with the methylene type spacer. 
3. Non-ionic surfactant Brij 58 shows the highest and anionic surfactant 
SDBS shows the least solubilization capacity among all the single 
surfactant systems. 
4. The solubilization capacities of the single and binary surfactant systems 
for anthracene and pyrene are expressed in terms of MSR, lnKm and other 
parameters. The solubility of anthracene/pyrene increases linearly with the 
increase of the concentration of surfactant solutions for all the pure and 
mixed surfactant systems. The MSR and Km data can be used with 
additional information on surfactant and PAH sorption on soil to estimate 
the PAH solubilization in soil-water-surfactant systems. 
5. In the area of solubilization, potentially interesting applications of the 
investigated mixed systems constituting a biodegradable gemini and 
conventional surfactants are expected in future. 
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Fig. 4.1. Variation of solubility of anthracene and pyrene with the total 
surfactant concentration for the (A) single and (1:1) binary (B) 12-E2-12+ 
conventional surfactant mixtures. 
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Table 4.1: Some important properties of PAHs used in the 
solubilization study. 
Property 	 Anthracene 	Pyrene 
 
"7:1 
 
  
Molecular weight 178.2 202.3 
Solubility (mol/dm3) 2.53 x 10-7 6.57 x 10-7 
logKow°  4.54 5.18 
Molar volume (A3) 157.6 161.9 
a logKovv is octanol-water partition coefficient. 
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Table 4.2: Solubilization parameters such as molar solubilization ratio (MSR), 
InK„„ deviation ratio (R), and experimental interaction parameter (B), free 
energy of solubilization (AG30) for single and binary (1:1) surfactant systems for 
anthracene. 
System MSR MSRideal InK,,, R B AGs n  
(Ulna') 
12-E2-12 0.0064 14.20 -35.78 
CPC 0.0015 12.67 -31.94 
DTAC 0.0012 12.45 -31.37 
SDS 0.0009 12.22 -30.80 
SDBS 0.0008 12.01 -30.27 
Brij 58 0.0132 14.86 -37.46 
TX-100 0.0045 13.79 -34.77 
12-E2-12+CPC 0.0012 0.0041 12.52 0.30 -12.30 -31.55 
12-E2-12+DTAC 0.0038 0.0038 13.62 1.00 0.62 -3,4.33 
12-E2-12+SDS 0.0061 0.0038 14.09 1.58 1.89 -35.52 
12-E2-12+SDBS 0.0050 0.0037 13.90 1.33 -0.02 -35.03 
12-E2-12+Brij 58 0.0015 0.0099 12.70 0.15 -19.30 -32.06 
12-E2-12+TX-100 0.0014 0.0056 12.63 0.25 -12.60 -31.83 
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Table 4.3: Solubilization parameters such as molar solubilization ratio (MSR), 
InK,„, deviation ratio (R), and experimental interaction parameter (B), free 
energy of solubilization (AG.,° ) for single and binary (1:1) surfactant systems for 
pyrene. 
System MSR MSR,dead  InK„, R B L1 G1" 
(LImol -1 ) 
12-E2-12 0.0183 14.24 -35.87 
CPC 0.0318 14.77 -37.22 
DTAC 0.0052 14.55 -36.68 
SDS 0.0042 12.77 -32.19 
SDBS 0.0003 9.99 -25.20 
Brij 58 0.0902 15.75 -39.71 
TX-100 0.0134 13.92 -35.10 
12-E2-12+CPC 0.0078 0.0250 13.39 0.31 -7.70 -33.74 
12-E2-12+DTAC 0.0057 0.0117 13.08 0.49 -11.70 -32.96 
12-E2-12+SDS 0.0137 0.0112 13.19 1.22 0.11 -35.15 
12-E2-12+SDBS 0.0112 0.0092 13.74 1.20 1.75 -33.64 
12-E2-12+Brij 58 0.0215 0.0542 14.39 0.40 -1.57 -36.24 
12-E2- 12+TX-100 0.0064 0.0109 13.20 0.59 -6.24 -33.27 
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Table 4.4: Solubilization parameters such as molar solubilization ratio (MSR), 
lnK„„ deviation ratio (R), and experimental interaction parameter (B), free 
energy of solubilization (AG5°) for single and binary (1:1) surfactant systems for 
anthracene. 
System MSR MSR ideal inic R B AG,° 
(1(1mol') 
14-E2-14 0.0067 14.19 -35.78 
CPC 0.0015 12.67 -31.94 
TTAC 0.0050 13.91 -35.07 
S DS 0.0009 12.22 -30.80 
SDBS 0.0008 12.01 -30.27 
Brij 58 0.0132 14.86 -37.46 
TX-100 0.0045 13.79 -34.77 
14-E2-14+CPC 0.0012 0.0041 12.52 0.30 -12.3 -31.55 
14-E2-14+TTAC 0.0048 0.0059 13.88 0.82 -1.85 -34.97 
14-E2-14+SDS 0.0060 0.0038 14.09 1.58 1.90 -35.52 
14-E2-14+SDBS 0.0050 0.0037 13.90 1.33 -0.03 -35.03 
14-E2-14+Brij 58 0.0015 0.0100 12.72 0.15 -7.60 -32.06 
14-E2-14+TX-100 0.0014 0.0056 12.63 0.25 -9.52 -31.84 
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Table 4.5: SolubiLization parameters such as molar solubilization ratio (MSR), 
InK,,, deviation ratio (R), and experimental interaction parameter (B), free 
energy of solubilization (AG,,°) for single and binary (1:1) surfactant systems for 
pyrene. 
System NISR R B AG! 
(klnof t ) 
14-E2-14 0.0634 15.43 -38.89 
CPC 0.0318 14.77 -37.22 
TTAC 0.0215 14.39 -36.27 
SUS 0.0042 12.77 -32.19 
SDBS 0.0003 9.99 -25.20 
Brij 58 0.0902 15.75 -39.71 
TX-100 0.0134 13.92 -35.10 
14-E2-144-CPC 0.0193 0.0318 14.53 0.61 -0.14 -36.01 
14-E2-144ITAC 0.0102 0.0338 14.33 0.30 -7.67 -34.42 
14-E2-14+SDS 0.0203 0.0428 13.65 0.48 2.47 -36.12 
14-E2-14+S DB S 	00248 0.0476 14.28 0.52 7.50 -36.62 
14-E2-14+Brij 58 0.0639 0.0768 15.43 0.83 3.13 -38.91 
14-E2-14+TX-100 0.0137 0.0335 13.95 0.41 -141 -35.16 
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Table 4.6: Solubilization parameters such as molar solubilization ratio (MSR), 
InK,„ deviation ratio (R), and experimental interaction parameter (B), free 
energy of solubilization (AG,°) for single and binary (1:1) surfactant systems for 
anthracene. 
System MSR MSR de„! InK,,, R B AGsn 
(Ural ) 
16-E2-16 0.0014 12.64 -31.86 
CPC 0.0015 12.67 -31.94 
CTAC 0.0051 13.91 -35.07 
SDS 0.0009 12.22 -30.80 
SDBS 0.0008 12.01 -30.27 
Brij 58 0.0132 14.86 -37.46 
TX-100 0.0045 13.79 -34.77 
16-E2-16+CPC 0.0062 0.0014 14.80 4.30 15.41 -35.57 
16-E2-16+CTAC 0.0028 0.0032 14.02 0.86 9.22 -33.58 
16-E2-16+SDS 0.0248 0.0011 16.15 21.15 37.42 -39.02 
16-E2-16+SDBS 0.0243 0.001 I 16.13 22.46 36.34 -39.98 
16-E2-16+Brij 58 0.0118 0.0073 15.43 1.61 12.34 -37.18 
16-E2-16+TX-100 0.0029 0.0029 14.05 0.97 7.99 -33.66 
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Table 4.7: Solubilization parameters such as molar solubilization ratio (MSR), 
lnK„„ deviation ratio (R), and experimental interaction parameter (B), free 
energy of solubilization (AG,° ) for single and binary (1:1) surfactant systems for 
pyrene. 
System MSR MSR,deal lnK„, R B LIGs° 
(Umol" I ) 
16-E2-16 0.0408 15.01 -37.83 
CPC 0.0318 14.77 -37.22 
CTAC 0.0255 14.55 -36.68 
SDS 0.0042 12.77 -32.19 
SDBS 0.0003 9.99 -25.20 
Brij 58 0.0902 15.75 -39.71 
TX-100 0.0134 13.92 -35.10 
16-E2-16+CPC 0.0454 0.0363 15.11 1.25 -0.52 -38.09 
16-E2-16+CTAC 0.0161 0.0332 14.11 0.48 -4.20 -35.56 
16-E2-16+SDS 0.0576 0.0225 15.36 2.56 17.38 -38.73 
16-E2-16+SDBS 0.0745 0.0205 15.61 3.62 40.62 -39.35 
16-E2-16+Brij 58 0.2070 0.0655 16.62 3.16 3.78 -41.91 
16-E2-16+TX-100 0.0200 0.0222 14.18 0.87 4.33 -35.74 
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CHAPTER4 
Nixed Nicelazation and 
SoCubilization 	Study 	of 
PoCycycCic Aromatic 
3-lydrocarbons in Pure and 
Nixed Cationic Gemini-Gemini 
Surfactant Systems 
Introduction  
The gemini-gemini mixed surfactant systems were chosen because of 
their expected lower consumption in all needed areas than the conventional-
gemini mixtures [1-3]. Mixed micellization of gemini surfactants with 
conventional ones has been described in Chapter III and the results have 
revealed synergism in such systems, which are governed by head group and 
chain length variations. So far there is no report on the study of systems 
containing biodegradable cleavable geminis as both the components. 
The objective of the present work is to investigate the micellization 
aspects of gemini-gemini mixed surfactant systems, the effect of hydrophobic 
chain lengths and hydrophilic head groups; the surfactants contain dodecyl-
(C12), tetradecyl-(C14) and hexadecyl-(C16) chain lengths and cationic head 
groups. The models proposed by Clint, Rubingh and Motomura et al. were 
employed to interpret the formation of mixed micelles and find out synergism 
in the components in the mixed systems. The present study will be useful to 
understand the effect of hydrocarbon tail length on the micellar as well as 
interfacial properties of such cationic—cationic dimeric surfactant mixtures in 
their binary combinations, and would be helpful in selection of such surfactants 
for their use in different applications such as phase transfer catalysis, 
preparation of colloidal nanoparticles, cosmetics, solubilization, foaming, etc. 
This chapter has been divided into two parts. In the first part the mixed 
micellization study has been described whereas the second part deals with the 
solubilization capacity of pure gemini and mixed gemini+gemini surfactant 
systems towards the solubilization of naphthalene, anthracene and pyrene. 
The solubilization capacities of selected equimolar binary surfactant 
systems towards the polycyclic aromatic hydrocarbons (PAHs), naphthalene, 
anthracene and pyrene, have been evaluated from the molar solubilization ratio 
(MSR), the micelle—water partition coefficient (K.), deviation ratio (R), 
experimental interaction parameter (B) and the free energy of solubilization 
(AG5°) of PAHs. Since both surfactant structure and mixture composition can 
potentially influence the solubilization behavior, the goal of this work is to 
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determine (1) the extent of solubilization of PAlis in pure surfactant solutions 
and the mixtures containing two gemini surfactants (2) the influence of 
hydrophobic chain length of the dimeric surfactants on the solubilization 
behavior. 
The solubilization power is not only dependent on the micellar and 
interfacial properties of surfactant but also depends on the 
hydrophilic/hydrophobic properties of solutes. The amount of organic 
compound solubilized in the micelles depends on the surfactant structure, 
aggregation number, micelle geometry, ionic strength and chemistry, 
temperature, solubilizate chemistry and solubilizate size [4]. Before the 
solubilization study it is important to understand the micellar and surface 
properties of pure and mixed surfactant systems. Several researchers have 
studied the solubilization capabilities of surfactants of different polarities such 
as in single and anionic-nonionic [5,6], cationic-anionic and cationic-nonionic 
mixtures [7,8]. The efficiency and effectiveness of the surfactants can he 
improved by lowering the amount of surfactant required for the better 
performance, which, consequently results in the reduction of the environmental 
impact produced. That is why here we have used ester-linked cationic gemini 
surfactants, because of their low- toxicity and cmc than the other cationic 
gemini surfactants [9]. Surfactants other than getninis have been widely used 
for soil remediation in both physical and biological remediation processes 
110,117. 
Such type of studies on mixed gemini surfactant combinations of are 
limited [12,13]. The apparent solubility of slightly soluble PAHs may be 
noticeably enhanced in solutions of surfactants above the cmc. Micellar 
solutions can solubilize PAHs several hundred times in excess of their true 
aqueous solubility, and thus surfactant flushing is a promising approach for soil 
remediation [14]. Such fundamental and extensive investigations will help to 
predict the properties of mixed gemini micelles with the same charge and the 
mixing effect on the solubilization capabilities that will extend the scope of 
surfactant enhanced applications. 
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Results and Discussion  
The physico-chemical properties of the pure/mixed gemini-gemini 
surfactant systems have been investigated by conductometric and tensiometric 
measurements at different mole fractions. As mentioned in Chapter III, the 
physico-chemical parameters were evaluated from the average cmc values as 
determined by the conductometry and tensiometry methods (Figs. 5.1,5.2 and 
Tables 5.1,5.2). 
(A)  Mutual Interaction between the Gemini Surfactants in the 
Mixed Micelles 
Critical Micelle Concentration (cmc) 
In order to explain the behavior of the three cationic gemini-gemini 
mixed systems of different hydrophobicity, we have used psuedophase 
separation model. According to this approach, micelles are considered as 
macroscopic bulk phase in equilibrium with a solution containing the 
corresponding monomers. The nature and position of the functional group (i.e., 
the presence of the ester linkage [—CO(0)—] in the spacer also affects the 
micellization process which makes it more hydrophilic that prompts micelle 
formation at low concentration. Another possibility is that the oxygen atom in 
the spacer can form hydrogen bond with water that reduces the unfavorable 
contact between hydrocarbon part with water, and its hydration near/ at the 
level of spacer reduces the electrostatic repulsion between the head groups. The 
experimental cmc (cmc/2 ) values of all the binary systems are lower than the 
cmc values of individual components (Table 5.1). The cmc/2 of 16-E2-16+14-
E2-14 systems was found to be higher than that of the other binary mixtures. 
Counterion Binding 
The layer just adjacent to the surface of the ionic micelles is known as 
Stern layer to which the counterions are bound strongly and migrate with the 
micelles in an electrical field as the influence of thermal agitation is negligible 
on it. The counterion association (gi) properties of the pure and mixed micelles 
have been evaluated by Evans [15] from the degree of dissociation (g29 
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obtained from the ratio of post- to pre-micellar slopes of the specific 
conductance (K) versus [surfactant] plots. Higher counterion binding was 
observed for the 16-E2-16 +14-E2-14 system (Table 5.2) than rest of the 
surfactant mixtures. Reduced surface charge density with the increase of 
molecular heterogeneity of mixed surfactant systems may occur as a result of 
the increase of micellar size by interamphiphile repulsive interactions. Stronger 
counterion association reduces the cmc 's of the surfactant mixtures. 
Mixed Micelle Formation 
The experimental caw values were correlated to the corresponding ideal 
mixed one (erne fde„t ) values calculated by using the Clint model [161. 
For mixed surfactant systems cmc12 (Tables 5.1) were found to deviate 
from the cmc 's of the component surfactants and the erne/dew values, which 
indicates synergism in the mixed micelle formation. The lower values of 
cmc12 than the cmcideat is attributable to the attractive interactions between the 
two component surfactants of the binary mixtures, which implies that the 
micelles are formed at a concentration lower than that expected from the ideal 
mixing. 
The cmcki and CMCideal  values of the mixed micelles for various mole 
fractions (a) are shown in Fig. 5.3. It is clear from the plots that the cmc12 
values deviate negatively from the cm:idea/ values at all the mole fractions of the 
gemini surfactant, indicating favorable mixing of the surfactants. 
The order of cmc12 values is 16-E2-16+ 1 4-E 2-14 > 16-E2-16+12-E2-12 
> 14-E2-14+12-E2-12. Higher synergism in the 16-E2-16+14-E2-14 mixture is 
due to the larger hydrophobic tail lengths of the surfactants. Thus the transfer 
of hydrophobic tails from the monomeric phase to the micellar phase increases 
hydrophobic interactions among the 'niceties, and hence cmc12 values are found 
to be lower than cmcideof  values. In a surfactant mixture, mixing of hydrophobic 
chains can be considered as an ideal process and free energy of the system 
decreases when the surfactant chain moves from monomeric phase to micellar 
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phase. However, interaction between head groups may be considered as a 
nonideal process. 
In the mixed micellar system, the mutual interactions between the 
surfactants can be analyzed by Regular Solution Theory (RST) which is used to 
evaluate inicellar mole fraction ( X7 ) and the interaction parameter (r) in the 
mixed surfactant systems/micelles. Although there are several thermodynamic 
models developed, Rubingh's model [17] is the first more convenient model 
used for nonideal mixed surfactant systems for the study of nonideal mixing. It 
is mostly used, due to its simplicity, even after the development of more 
complex models. It can be seen from Fig. 5.4 that, in all cases, X7' increases 
with increase of a. 
The micelle mole fraction in the ideal state ( X,"'") has been computed 
using Motornura equation [181: X7' = flawmc2 )/(al cmc2+(1-al )cmc1 ]. The 
values of X'," and x;ma are found to be almost the same. 
Extents of interactions between the surfactants in the mixed micelles are 
due to the difference in structures of the two components, e.g., length and type 
of the hydrophobic chains, and electrostatic or stale interactions among the 
hydrophilic parts. Negative value of /3- , the interaction parameter, evaluated 
using Eq. (3.2), implies attractive interaction between the two components in a 
mixed micelle which is higher than the self-attraction of both the surfactants 
before mixing. Zero Jr value indicates ideal mixing while positive values 
show lesser attraction after mixing than before mixing (antagonism). 
The values of interaction parameter for all the mixtures at different mole 
fractions are listed in Table 5.2. Negative ii"' values were obtained throughout 
the study for all the mixed systems with average values of —2.17, —1.86 and 
—0.884, respectively, for 16-E2-16+14-E2-14, 16-E2-16+12-E2-12, I4-E2- 
I+12-E2-]2 suggesting synergism in the mixed micelle formation. Higher 
absolute values of 	for 16-E2-16+14-E2-14 system is due to greater 
hydrophobicity of both the geminis—. both the hydrocarbon chains break more 
"structured" water which is an energetically favored process. In 14-E2-14+12- 
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E2-12, the lower absolute p values are because of smaller difference in 
hydrophobic chain as compared with 16-E2-16+12-E2-12. The absolute 
fin value increases with increase in mole fraction of higher homologue in all 
the binary systems (Table 5.2). The results agree with the findings reported for 
conventional cationic-cationic mixed systems [1-3,19]. 
The activity coefficients, fr, of the individual surfactants in the mixed 
micelles are related to the interaction parameter through the Eqs. (3.4) and 
(3.5). 
The small II" values and very small deviations off' from unity in case 
of binary systems (Table 5.2) indicate their slightly ideal behavior for mixed 
micelle formation. 
The mole fractions in the micellar ( Xi"") as well as in ideal state (X,'") 
have been computed by applying Motoinura's approximation too. The RST, 
which treats mixed micelles as a regular solution, is used for the evaluation of 
interaction parameters. It depends on the micellar compositions and is silent for 
unlike chain lengths, counterions and ionic strength. The Motomura's model, 
which is independent of the nature of the surfactants and their counterions, and 
considers the mixed micelles as a macroscopic bulk phase, can be applied for 
the study. The related energetic parameters of such systems can be evaluated in 
terms of excess thermodynamic quantities [20,21]. The fundamental equation 
for the micellar mole fraction of a surfactant in the surfactant mixture, 
presuming the miscibility of the surfactants in the mixed micelles, was 
determined by the relationship 
— 	(al a 2 1 CMC)(dCmc / aa I )r.p 
XiAl a I (11, v _ 
v,4,v2 .a, + V zd . V, a2 
(5.1) 
where cnw = (vi a, + v 2a 2 )cmc 	 (5.2) 
vi a, 
and. a, —  	( i-1,2) 
v  a/ 	112a: 
(5.3) 
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In the above equation, X,'" = inieellar mole fraction of n-E2-n, ce, = bulk mole 
fraction. 	= number of ions dissociated by the ith component and 6 = 
Kronecker delta. S = 1 for identical counterions and /5 = 0 for different 
counterions. In the present case for cationic gemini-gemini mixture (with the 
same counterion), Eq. (5.1) is modified as: 
v1 = 1/1„+ v.,. = (2+1) = 3, v, = v„ + 	(2 11) = 3 
XM - 
1(  3a,  )( 3 —2a,  lOcinc 
30, 	
) 
(a l +3)cinc a, +3 	a., +3 	da„ 
a +3 
(5.4) 
3ai +3a2 
The X," values increase with increase in stoichiometric mole fraction of n-E2- 
n for all the mixed systems (Table 5.2) and support the micellar mole fraction 
(X: evaluated by Rubingh's model). The higher value of Xi".  is found for 
16-E2-16+14-E2-14 mixture, which is because of higher content of 
hydrophobic groups, the contribution of 16-E2-16 is more in mixed micelles at 
tower 016.12-16 (Fig. 5A). 
[he successful use of such mixtures in commercial formulations relies 
on taking advantage of these interactions, which may be cooperative 
(synergistic) or antagonistic. Unfortunately, the prediction of the properties of 
strongly interacting systems, which are the most important in applications, is 
not easy. 10 appreciate the difficulty of predicting the surface properties it 
must be realised that the surface composition, which is what determines the 
surface behavior, may be very different from the bulk composition, and that the 
interactions between the surfactant molecules at the interface are bound to be 
large because they are closely spaced. 
Unfortunately, Eq. (3.16) became non-convergent for all the mole 
fractions and calculation of x; was not possible. 
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Adsorption of Surfactant Mixtures at Air/Aqueous Solution Interface  
The surface tension (y) versus logarithm of surfactant concentrations of 
gemini surfactants (n=12,14,16) were plotted and their cmc values were 
determined from the break points (Fig. 5.2). Both cmc and y„.„,,, were used for 
determination of the maximum surface excess concentration, i.e., the amount of 
surfactants adsorbed per unit area of the surface at various concentrations were 
calculated by the Gibbs adsorption equation. For surface excess concentration, 
Ilmx, at cmc and minimum surface area per molecule ( A„,„,) at air/aqueous 
solution interface for individual surfactants and their binary mixtures were 
calculated from Eqs. (5.5) and (5.6) [21,221 
 ay  1 
2 303nRri,,elogC 
(M01111 2) (5.5) 
The maximum adsorption density (F,,,„,) and minimum area per 
surfactant molecule can be correlated as 
10' 
NA I' 	„
(42) (5.6) 
. 
where ATA is the Avogadro's number. The values of r;,,,„ and Amin for the single 
and binary solutions are summarized in Table 5.1. Despite of disagreement 
123-26] the value of n for cationic gemini surfactants, we have used n = 3 in 
calculating 	For gemini-gemini mixtures, n — 4 was taken. The Amm values 
for the pure surfactants were obviously greater than the mixtures because of 
electrostatic repulsion which requires larger area per molecule. The variation of 
A min as a function of composition of surfactant mixtures shows that the Amu, 
values decrease with increase in the mole fraction of n-E2-n. For 16-E2-16+14-
E2-14, the lower value of Amm is attributable to the hydrophobic interactions 
between the alkyl chains of comparable chain length resulting in more dense 
packing and hence to the increase of synergistic interaction at the interface. 
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Thermodynamics of Micelle Formation and Adsorption Phenomena  
The major contributions to the thermodynamic properties of 
micellization of gemini surfactant by the van der Waals interactions between 
the alkyl chains, head group repulsion, hydrophobic effect, and the energetic 
associated with the changes in the configuration of the spacer and hydrophobic 
chains. 
The Gibbs Excess Free Energy 
The excess free energy of micellization (AG:,) is calculated by Eq. 
(3.23). A negative value of au; can be due to synergistic interaction between 
the two components in the mixed micelles which suggests that the mixed 
micelles are more stable than the micelles of pure surfactants. For the binary 
combinations of the geminis, the value of AG:: increases with the mole fraction 
suggesting its higher surface activity (Table 5.2). The absolute values of AG; 
follows the order: 16-E2-16+14-E2-14 > 16-E2-16+12-E2-12 > 14-E2-14+ 
12-F2-12. 
Free Energy of Micellization 
The standard free energy of micellization for the binary mixtures is 
evaluated according to the Eq. (3.24) 
Negative values of 	were obtained for all the gemini-gemini 
mixtures. The AG"„ value increases with the increase of mole fraction of 
gemini of higher hydrophobicity. The negative value of AG:, suggests that the 
gemini surfactants have greater ability to form mixed micelles in solution 
(Table 5.1). The AG:, values of the binary mixtures of 16-E2-16+14-E2-14 are 
slightly higher than that of pure n-E2-n. Thus the mixed surfactant systems 
show more propensities towards micellization. The order of the absolute AG;, 
values is: 16-E2-16+14-E2-14 > 16-E2-16+12-E2-12 > 14-E2-14+12-E2-12. 
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The Standard Free Energy ojAdsorphon 
Thermodynamic stability of the adsorbed monolayer can be discussed in 
terms of the standard free energy of adsorption, given by Eq. (3.25). 
The 	values, thus obtained, are presented in Table 5.2 for the 
surfactant mixtures. The values show that the cationic gcmini surfactants in the 
mixed systeinhave greater ability to adsorb at the air-water interface. The 
absolute AG:, values are smaller than the AGL, indicating that the adsorption 
is preferred more than micellization. 
Another thermodynamic quantity used for the evaluation of synergism in 
mixed monolayer formation is free energy of a given surface at equilibrium 
(G„,;„) defined earlier by Eq. (3.26). G,,,i „ is the work required to make a surface 
area per mole or the free energy change accompanied by the transition from 
bulk phase to the surface of the solution components. The lower the value of 
more thermodynamically a surface is formed and more is the surface 
activity. The Gm„, values show the ease of formation of mixed monolayers and 
this easiness is increased as the mole fraction of gemini of higher 
hydrophobicity increases. The value of Gmh, decreases with the increase of 
hydrophobicity in the binary systems as 14-E2-14+12-E2-12 > 16-E2-16+12-
E2-12 > 16-E2-16+14-E2-14. 
(B) Solubilization behavior of Surfactant Systems towards PAHs 
In this study we have mainly focused on the solubilization of PAHs in 
the micellar solution of single cationic dimeric surfactants with variable 
hydrophobic chain lengths and their equimolar binary mixtures. Micellar 
solubilization is associated with the properties of the surfactant solutions. The 
equimolar gemini-gemini mixtures were chosen for the solubilization studies 
due to their improved behavior than the other mole fractions under the study. 
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Molar solubilization Ratio and Micelle Phase/Aqueous Phase Partitioning of 
PAM 
The aqueous solubility of naphthalene, anthracene and pyrene in both 
the single and mixed surfactant solutions were evaluated and compared. The 
variation of solubility of single/binary surfactant systems, as a function of total 
surfactant concentration, is plotted in Figs. 5.5-5.7. Some important properties 
of the PAHs and of binary equimolar mixed systems are given in Tables 5.3 
and 5.4. The solubility of PAHs is significantly enhanced by the single/binary 
surfactant solutions; the solubility is increased linearly over the range of 
surfactant concentrations above cmc suggesting the micellar solubilization of 
the solutes. These results demonstrate the formation of single and multi-
component micelles, and their potential capacity to elevate the solubility of 
PAHs efficiently due to the adsorption at micelle—water interface, in addition to 
the solubilization inside the micelle. 
In order to quantify these observations. the solubilization capacities 
were analyzed in terms of molar solubilization ratio (MSR). MSR depends on 
the ratio of number of solubilizate molecules inside an aggregate and the 
number of surfactant molecules constituting the micelle. Evidently, the mole 
fraction of solutes in the micellar pseudophase (Xm ) and the MSR are related as 
X„, = MSRI(1+ MSR). Several variables such as the volume fraction of the 
solute in the micelle core have also been used. The most interesting variable 
which influences the solubilization of PAHs [27] is the cmc. MSR can be 
defined by a semitheoretical relation for a number of saturated aromatic and 
aliphatic hydrocarbons [28] 
213 -b MSR ,-.[  00 0 
kr 
Here, a and b are positive constants that are dependent on the surfactant 
molecule, o is the solute interfacial tension reflecting the polarity of the 
solubilizate, Vo is the molecular volume of the solubilizate, k is the Boltzman 
constant and T is the absolute temperature. According to this correlation the 
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MSR value increases with increasing polarity of the solubilizate and the 
decreasing. molecular size of the solubilizate for the varying polarity of the 
solubilizate. AEI? values of the single and binary surfactant systems follows 
the order, naphthalene > Pyrene > anthracene. The aqueous solubility 
enhancement of PAI Is are influenced by different factors such as hydrophobic 
tail length, charge on the head group, length of the spacer, 
hydrophobic/hydrophilic nature of spacer and erne of the desired systems. 
The MSR values for the single binary surfactant systems show linear 
dependence on the concentration of the surfactant (Table 5.5). MSR values for 
single and mixed surfactant systems can be obtained from the slope of the 
linearly fitted line in which the concentrations of PAHs arc plotted against the 
surfactant concentrations above the erne (Figs 5.6 and 5.7). To further quantify 
the effectiveness of solubilization, the micelle-water partition coefficients (Km ), 
which depend on the molecular structure of the solubilizate T29-311, were 
determined. K,„ is a thermodynamic parameter that represents the affinity of a 
given solubilizate with the micellar phase relative to the aqueous phase and is 
used to determine the amount of PAH molecules solubilized by the micelles. 
For evaluation of K„„ Eq. (4.2) given in Chapter TV, was used. 
The increase in Km parallels the increase in the hydrophobicity of the 
solubilizate indicating that solubilization is controlled mainly by hydrophobic 
interactions. For naphthalene, anthracene and pyrene, a negative entropy 
change during solubilization is found that implying solubilization is enthalpy 
driven. For benzene, the enthalpy change is of a smaller magnitude and the 
entropy change is positive suggesting that benzene sits in the outer interfacial 
region of the micelles. 
In single surfactant systems, the order of MSR is 16-E2-16 > 14-E2-14> 
12-E2-12 for naphthalene, 14-E 2-1 4 -it 12-E2-12 > 1 6-E 2-16 for anthracene, 
and 14-17 -14 > I6-E2-16 > 12-E2-12 for pyrene (Table 5.4). Amongst all the 
pure surfactant systems, 16-E2-16 has maximum solubilization power for 
naphthalene and bit smaller than 14-E2-14 for pyrene. With the increase of the 
surfactant concentration above one, the number of micelles increases thereby 
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enhancing the contaminant solubility. Larger hydrophobic chain length and 
lower caw are responsible for maximum solubilization whereas14-E2-14 zz 12-
E2-12 exhibit significantly greater values of MSR for anthracene. There are 
different possible loci for the availability of the solubilizate. Their structural 
arrangement and polarity decide the location sites in the micellar systems. 
Slight polarity of the aromatic hydrocarbons allows these compounds to be 
located both in shell and also in the hydrophobic core of surfactant micelles 
[32-35]. Naphthalene is slightly polar and participates in hydrogen bonding 
with water because of the presence of the a-electrons in the aromatic ring(s) 
[36,37]. Since resonance energy of the it-electrons of naphthalene is of similar 
magnitude to that of benzene, it is concluded that naphthalene and anthracene 
also may partition in the relatively polar shell region of the micelle. The 
possible localization sites of the solutes affecting the extent of solubilization in 
the mixed micelles are (a) surface of the micelles, (b) between the hydrophilic 
head groups, i.e., the palisade layer, and (c) the inner core of the micelle. 
In mixed micelles the order of solubilization is not same for all the 
PAHs. The order is 16-E2-16+12-E2-12 > 16-E2-16+14-E2-14 
I4-E2-14-1-12-E2-12 for naphthalene whereas 16-E2-16+12-E2-12 
14-E2-14+12-E2-12 > I6-E2- I 6+14-E 2-14 for anthracene and pyrene. 
All the binary mixtures show synergistic solubilization for all the three 
PAHs. With 16-E2-16+12-E2-12 system, higher MSR values were obtained for 
naphthalene, anthracene and pyrenc. There are so many reasons responsible for 
the synergistic solubilization. In general, naphthalene is slightly polar and from 
hydrogen bonding with water due to the presence of the n-electrons in the 
aromatic ring(s) [35,36], The electrostatic interaction between the a-electrons 
of PAH and the positive charge on the quaternary ammonium head groups 
facilitate mieellar solubilization. The difference in solubilization behavior of 
other genlini-gemini cationic mixtures is due to the more hydrophobic 
contribution of 16-E2-16 in 16-E2-16+12-E2-12 systems. Since the resonance 
energy of the 7c-electrons of naphthalene is of similar magnitude to that of 
benzene, it is suggested that naphthalene and anthracene also may partition in 
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the relatively polar shell region of the micelle. The outer hydrophilic corona of 
micelles has much more efficiency for solubilizing the polar naphthalene of 
smaller molecular volume. The presence of diester bonded spacer may also 
play an important role in solubilization as compared to polymethylene spacer. 
Longer spacer provides hydrophobic environment by looping upon itself 
whereas ester-linked spacer facilitates the solubilization of slightly polar 
naphthalene because there is a possibility of interaction between the 7r-electrons 
of naphthalene and a-bond of oxygen of carbonyl carbon, i.e., [—00(0)—]. The 
PAH naphthalene gets solubilized at the micelleAvater interface and between 
the hydrophilic head groups, i.e., the palisade layer. 
Higher /V/SR and K,,, values for pyrene than anthraccne in all the studied 
surfactant systems shows that anthracene is less soluble in micelles because of 
its larger lateral dimension resulting in lesser intercalation in the micelles as 
compared to pyrene. The extent of solubilization depends upon the molecular 
architecture of the solute and the space between the head groups of the 
surfactants in the micelles. In general, there is a positive correlation between 
the micellar core size and the solubility enhancement, though the potential of 
expansion of the micelles due to addition of the solute (i.e., formation of 
swollen micelles) also plays an important and additional role in solubilization 
[7,37]. The fused aromatic rings makes pyrene more hydrophobic than 
naphthalene and is responsible for its occupancy in the micellar palisade layer 
resulting in the increase of more hydrophobic region, i.e., micellar core 
volume, which is suggested by the significantly larger K„, values for binary 
mixtures. Such difference in the nature of soluhilization probably reflects the 
location of the PAITs in the micelles. These selected dicatiordc gemini-gemini 
surfactant mixtures have represented better solubilization system for PAHs 
than the other studied surfactant systems [8,12,13,38]. 
Micelle-Water Partitioning of the PAEls 
The surfactant mixtures are different from one another because they 
contain gemini surfactants with unequal length of hydrophobic tails. From 
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thermodynamic point of view it has been suggested [39,40] that the partition 
coefficient in the mixed micelle, Kn12, can be expressed as a function of the 
micellar composition. The partition coefficient of naphthalene/ anthracene/ 
pyrene between the aqueous and micellar phases in the binary surfactant 
solutions can be determined by Eq. (4.3). K„,,, K„,2 are the micelle-water 
partition coefficients of PAHs in gemini (component 1), gemini (component 2) 
surfactant micelles, respectively, and Kna2 represents that in the mixed 
surfactant system (Table 5.5). B is an empirical parameter that incorporates 
both the surfactant-surfactant (as in r ) and surfactant-solute interactions. 
When B = 0, mixing has no effect on the partitioning of a solute between the 
aqueous and micellar phases [41]. As can be seen from Table 5.5, B values are 
positive for all the binary surfactant mixtures except for naphthalene in 14-E2-
14+12-E2-12 and 16-E2-16+14-E2-14. The negative value of B implies that the 
solubilization deceases upon mixing of the gemini surfactants of different chain 
lengths. These values of the mixed systems are also consistent with the 
variation tendencies of r values indicating that more synergistic interaction 
between the individual components in the binary systems though the large 
negative /T" values leads to more solubilization efficiency towards PAHs. 
Deviation ratio (R) can be defined as the ratio of experimental MSR 
(MSR,,p ) and ideal MSR (MSRideal ), given as R = MSRexp IMSRkkal, where 
MSR ideal = EiMSRiai . MSR; is the experimental MSR value of the solubilizate in 
the pure ith surfactant solution whose bulk mole fraction in the mixture is ai. 
When R >1, this indicates that there is positive mixing effect on the micellar 
solubilization of PAHs. The values of parameter R from Table 5.5 obviously 
indicate that the MSR values have positive deviation from ideal mixture for all 
the binary gemini surfactant mixtures except for the solubilization of 
naphthalene in 14-E2-14+12-E2-12 and 16-E2-16+14-E2-14. A value of R 
greater than unity is the embodiment of the positive mixing effect of n-E2-n+n-
E2-n on naphthalene, anthracene and pyrene, indicating the MSR of these three 
surfactant systems have positive deviation from ideal mixing rule regarding 
different PAHs. The lower values of R observed in 14-E2-14+12-E2-12 and 16- 
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E2-16+14-E2-14 for naphthalene may be due to the reduction in surface 
adsorption of naphthalene molecules in the mixed micelles. Such a difference 
on the deviation ratio depends both on the altered surfactant molecular 
microstructures (packing of surfactant molecules at the micelle—water interface 
as well as in the mixed micelle core) when mixed surfactant micelles are 
formed and surfactant-solute interaction in the mixed micelles occurs. As 
compared to other cationic gemini-gemini mixed surfactant system ester-linked 
dicationic gemini mixtures showed significantly higher R values, implying 
greater positive effect of mixing on solubilization [12,13]. 
The standard free energy of solubilization, AGsP, is represented by Eq. 
(4.4) [42]. The free energy of the mixed surfactant systems have been 
correlated to the molecular refractions of the solubilizate molecules. This 
molecular refraction is a measure of electronic polarizibility of the 
solubilizate/PAHs and hence of the dispersion type interactions between the 
solubilizate molecules and the micelles. [43,44]. As can be seen from Table 
5.5. the AGs° values come out to be negative for all the mixed systems 
indicating spontaneous solubilization. Solubilization of the studied multi-
component micelles may be considered as a normal portitioning of the 
solubilizates between the micellar and aqueous phases. The AG, value of the 
mixed micelles for different solubilizates follows the order: 
pyrene>anthracene>naphthalene. Among all the surfactant mixtures the 
absolute AGs9 value is maximum in case of 16-E2-16+12-E2-12 for 
naphthalene, anthracene and pyrene, respectively. 
Conclusion  
1. The dicationic biodegradable gemini surfactants of different 
hydrophobicity consisting diester bonded spacer, ethane-1,2-diy1 
bis(N,N-dimethyl-N-alkylammoniumacetoxy) dichloride (n-E2-n; n = 
12,14,16), have been chosen and the physico-chemical properties of 
their binary mixtures have been studied by the conductivity and surface 
tension measurements. 
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2. Various surface and micellar properties were evaluated in the light of 
several theoretical models suggested by Clint, Rubingh and Motornura. 
All the mixed surfactant solutions show nonideality in the mixed 
micelles indicated by the X;" , /3"' 	AC,: and A, Ci;:, values. 
3. The order of synergism of the mixed surfactant systems is: 16-E2-16+ 
14-E2-14 > 16-E2-16+12-E2-12=>14-E2-14+12-E2-12. 
4. Effect of the solution compositions and category of the selected single/ 
binary gemini-gemini surfactant mixtures on solubilization of three 
PAHs naphthalene, anthracene and pyrene were studied. 
5. The pure/mixed cemini-gemini surfactant systems increase the water 
solubility Of PAHs which illustrate the potential capacity of the studied 
systems to facilitate the solubilization of PAHs in water. Higher 
solubility enhancement was observed for naphthalene as compared to 
anthracene and pyrene in all the cases. In a gemini-gemini mixed 
surfactant micelles the solution is influenced not only by the constituents 
but also by the electrostatic interaction of the head groups of the 
surfactants with the n-electron ring of the PAHs. The chosen binary 
surfactant solutions have relatively selective solubilization capacities 
towards PAHs. 
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and pyrene in pure n-E2-n (n = 12, 14, 16). 
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Fig. 5.6. Variations of solubility of naphthalene, anthracene and pyrene in pure 
cationic gemini surfactants (n-E2-n; n = 12,14,16). 
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Fig. 5.7. Variations of solubility for naphthalene, anthracene and pyrene with various 
gemini surfactant concentrations in equimolar binary mixed surfactant systems at 
30 °C. 
210 
Table 5.1: Various physicochemical parameters for gemini-gemini mixed surfactant systems at 30 °C. 
a 
(mM) 
CPICIdeat  
(mM) (m411) 
fa 	A. 
(mollni2) 	(A2) 
- AG: 
(Union 
-AG: 
(kJmoll ) 
- AG;th 
(Won 
Gin 
(k1morl) 
14.E2-14+12•E2.12 
0.0 0.0016 22.37 8.41 19738 43.7 70.4 58.1 
0.2 0.0014 0.0016 40.06 1.96 114,74 OA 44.0 01.8 60.0 
OA 0.0013 0.0015 42.52 7.62 217.92 0.4 44,3 100.1 35.9 
0.5 0.0011 0.0015 33.81 7.14 232.53 0.9 44.9 92.3 50.9 
0.6 0.0010 0.0015 33.50 6.96 238.57 1.0 44.7 92.8 52.3 
0.8 0.0009 0.0014 26.19 6.90 24035 1.5 45.5 83.4 63.3 
1.0 0.0014 20.40 8.83 188.04 44.1 67.2 55.6 
1642-16+ 14E2-14 
0.0 0.0014 20.40 8.83 188.04 44.1 67.2 55.6 
0.2 0.0012 0.0014 13.82 8.13 204.29 0.5 44.2 61.2 69.3 
OA 0.0009 0.0014 14.73 7.49 221.68 1.2 44.3 64.0 73.5 
0.5 0.0009 0.0013 17.20 7.85 21 I A6 1.1 45.4 72.6 93.7 
0.6 0.0009 0.0015 15.66 5.77 287.74 1.2 44.9 66.8 67.8 
0.8 0.0006 0.0015 16.64 8.70 190.74 2.6 46.1 65.2 61.2 
1.0 0.0014 29.69 11.80 140.68 43.9 69.0 33.3 
142-16+ 1212.12 
0.0 0.0016 22.37 8,41 197.38 43.7 70.4 58.1 
0.2 0.0012 0.0016 20.62 4.95 335.33 0.8 44,3 86,0 98.9 
0.4 0.0011 0.0016 28.41 7.10 233.65 0.9 44.4 84.4 56.5 
0.5 0.0009 0.0014 26.82 7.88 210.54 1.1 45.4 79.4 54.8 
Contd.... 
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0.6 0.0010 0.0016 24.28 7.61 218.05 1.1 44.7 76.6 58.8 
0.8 0.0009 0.0015 30.94 9,15 181.48 1.6 45.0 78.9 38.4 
1.0 0.0014 29.69 11.80 140.68 43.9 69.0 33.3 
'Average of the values obtained by conductivity and surface tension measurements. 
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Table 3.2: Miceliar composition (.13, interaction parameter ((3"' ), activity coefficients 
(fr) and counterion binding (x i ) of gernini-gemini binary surfactant mixtures 30 "C. 
a X;" 
14-E2-14-1-12-E2-12 
0.2 0,2890 0.3278 0.2299 -0.77 0.6769 0.9376 0.35 
0.4 0.4544 0.4987 0.4055 -0.68 0.8165 0.8688 0.44 
0.5 0,5238 0.5227 0.4967 - 	1.37 0.7332 0.6869 0.34 
0.6 0.5783 0.6147 0.5757 -1.60 0.7518 0.5848 0.60 
0.8 0.6642 0.6845 0.7228 -2.64 0.7427 03124 0.59 
16-E2-16+ 14-E2-14 
0.2 0.2634 0.2449 0.2598 -0.94 0.5984 0.9364 0,48 
0.4 0.4378 0.4143 0.4668 -1.97 0.5361 0.6852 0.68 
0.5 0.5124 0.5227 0.5538 -1.69 0.6609 0.6425 0.63 
0.6 0.5396 0.5200 0.6274 -1.98 0.6568 0.5614 0.76 
0.8 0.6029 0.5917 0.8323 -4.27 0.5096 0.2115 0.58 
16-E2-16+ 12-E2-12 
0.7 0.3115 0.3294 0.2110 -1.38 0.5187 0.8743 0.58 
0.4 0.4549 0.4742 0.3840 1.56 0.6289 0.7240 0.46 
0.5 0.5337 0.5625 0.4676 - 1.73 0.6870 0.6116 0.48 
0.6 0.5623 0.5780 0.5378 -1.81 0.7066 0.5638 0.75 
0.8 0.6407 0.6586 0.6762 -2.80 0.7086 0.3059 0.53 
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Table 5.3: Some important properties of PAHs used for the study. 
Property 	Naphthalene 	Anthracene 	Pyrene 
Molecular 
weight 
128.20 178.20 202.30 
Solubility 
(nol/dm3) 
logIC(Ni a  
2.44x104  
3.36 
2.53)(10'7 
4.54 
6.57x10.7 
5.18 
Molar volume 126.90 157.60 161.90 
(A3) 
41ogKvii,  is octanol-water partition coefficient. 
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Table 5.4: MSR and MSRideal  for naphthalene, anthracene and pyrene in the 
single and mixed surfactant systems at 30 °C. 
System 
Naphthalene Anthracene Pyrene 
MSR MSRideal MSR MSRideal MSR MSRideal 
12-E2-12 0.6070 0.0064 0.0183 
14-E2-14 0.8550 0.0067 0.0634 
16-E2-16 1.0820 0.0014 0.0408 
14-E2-14+12-E2-12 0.5910 0.7312 0.0143 0.0067 0.0884 0.0409 
16-E2-16+14-E2-14 0.7170 0.9687 0.0132 0.0067 0.0612 0.0521 
16-E2-16+12-E2-12 1.0400 0.8445 0.0160 0.0041 0.0941 0.0296 
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Table 5.5: Partition coefficients (InK,„), free energy of solubilization 
(AG:), deviation ratio (R), and experimental interaction parameter (B) 
for binary surfactant systems at 30 °C. 
System InK„, R 
(kJmor I) 
Naphthalene 
14-E2-14+12-E2-12 11.34 0.81 -0.48 -28.58 
16-E2-16-94-E2-14 11.60 0.74 -0.25 -28.88 
16-E2-16+12-E2-12 11.66 1 	2 -; 0.17 -29.38 
Anti; racene 
14-E2-14+12-E2-12 14.94 2.11 3.01 -37.65 
16-E2-16+14-E2-14 14.86 I .9s; 5.73 -37.46 
16-E2-16+12-E2-12 15.05 3.90 6.60 -37.93 
Pyrene 
14-E2-14+12-E2-12 15.73 2.16 3.53 -39.66 
16-E2-16+14-E2-14 15.39 1.17 0.69 -38.80 
16-E2-16-r12-E2-12 15.79 3.18 4.68 -39.82 
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